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FOREWORD 


This document is the second in a five volume report which describes 
a comprehensive digital computer simulation of the dynamics of heavy 
lift airships and generically similar vehicle. 

The work was performed by Systems Technology, Inc., Hawthorne, Cali- 
fornia for the Aeronautical Systems Branch in the Helicopter and Powered 
Lift Division of the National Aeronautics and Space Administration, Ames 
Research Center, Moffett Field, California. The simulation development 
was carried on between September 1979 and January 1982 and is currently 
installed on the Ames Research Center CDC 7600 computer. The contract 
technical monitors for NASA were Dr. Mark Ardema, Mr. Alan Faye, and 
Mr. Peter Talbot. STl's Program Manager was Mr. Irving Ashkenas. 

The authors wish to acknowledge the technical contributions of 
Mr. Robert Heffley, Mr. Thomas Myers, and Mr. Samuel Craig and the fur- 
ther contributions of Mr. Allyn Hall, Ms. Natalie Hokama and Ms. Leslie 
Hokama in simulation software development. Special thanks are due to 
Ms. Kay Wade, M3. Linda Huffman, Mr. Charles Reaber, and STl's produc- 
tion department for the preparation of the five volumes of this report. 
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SECTION 1 
INTRODUCTION 


A. SIMULATION OVERVIEW 

The heavy life airship simulation models a hybrid vehicle consisting 
of a central hull with as many as four lif t-propulsion units (LPUs) 
attached. The LPUs are nacelles each having a main lifting rotor and an 
auxiliary propeller, and can be characterized as modified helicopters. 
The model Includes a slung payload, a flight control system, landing 
gears and a mooring point. The characteristics of all model elements 
are defined in the input data. 

The simulation takes the form of three computer programs; 

• HLASIM — models the powered vehicle in flight. 

• HLAMOR — models the unpowered vehicle con- 
strained at one point to a mooring mast. 

• HLAPAY — models the powered vehicle in flight 
with a slung payload. 

The programs all use the same basic algorithm and large parts of each 
use the same code and share the same dta files. 

The mathematical model provides for the numerical evaluation of the 
time rate of change of a multi-element state vector, S. The elements 
of S are linear and angular accelerations, linear and angular veloci- 
ties, and rates of change of certain flight control system variables. 

a 

In general, the elements of S are nonlinear functions of the elements 
of S, and the input commands and disturbances. 

The programs each contain a trimming algorithm (different for each 
of the three programs) for establishing a specified steady-state condi- 
tion; certain elements of s equal zero. They each contain an integra- 
tion routine that computes the time history of S using the established 
trim as an Initial condition. Finally, the three programs each include 
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a linearization algorithm for calculating stab .11 ty and response deriva- 
tlves — rates of change of elements of S with thr elements of S and the 
input commands and disturbances. 

B. DOCUMENTATION 

Simulation documentation, apart from the program listings, is in the 
form of three manuals. In addition to this Technical Manual, there is a 
User's Manual and a Programmer's Manual . 

This Technical Manual describes the mathematical models embodied in 
the simulation in considerable detail and with supporting evidence for 
the model forms chosen. In addition it describes the trimming and 
linearization algorithms used in the simulation. Appendices to the 
manual identify reference material for estimating the needed coeffi- 
cients for the input data and provide example simulation results. 

The User's Manual provides the basic information necessary to run 
the programs. Tnis includes descriptions of the various data files 
necessary for the program, the various outputs from the program and the 
options available to the user when executing the program. Additional 
data file information is contained in the three appendices to the 
manual. These appendices list all input variables and their permissible 
values, an example listing of these variables, and all output variables 
available to the user. 

The Programmer's Manual is intended for the maintenance programmer 
who will support the program. It contains explanations of tne logic 
embodied in the various program modules, a dictionary of program varia- 
bles, a subroutine listing, subroutine/common-block/cross-reference 
listing, and a calling/called subroutine cross reference listing. The 
manual doec not repeat data already available in the User's Manual . 

C. TECHNICAL MANUAL SUMMARY 

Section 2 describes the inertial and geometric modeling embodied in 
the HLA simulation as well as the notational conventions, coordinate 
transformations, etc. The hull and attached LPUs (as many as four) are 
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modeled as an interconnected set of rigid bodies subject to external 
forces described in later sections . The equations of motion model each 
body separately subject to constraining forces acting at the attach 
points to the hull, as well as to the external forces* The solution 
algorithm gives accelerations of each body and the constraint forces at 
the attach points. A subset of the accelerations of the multibody sys- 
tem, the payload accelerations (HLAPAY program only), various displace- 
ment rates of change, and certain flight control system variables make 
up S, the rate of change of the state vector. 

The external forces acting on the system can be characterized as 
aerodynamic or non-aerodynamic in origin. The non-aerodynamic forces 
are discussed in Section 3. This section describes the landing gear 
model (as many as four landing gears), and the payload suspension cable 
model (as many as four). The remaining non-aerodynamic forces are due 
to gravity and direct thrust (e.g., turbine exhaust). The forces at the 
mooring attach point are constraint forces included in Section 2 — the 
HLAMOR program treats the mooring mast as an additional constraint 
between a point on the hull and the inertial reference frame. 

The flight control system model describe in Section 4 incorpora' 
the software equivalent of a "mixer box" whereby the many contro 1 
faces of the HLA (LPU propeller and rotor controls, movable fins on u:»e 
hull) are "organized" to provide six approximately orthogonal control 
points — one for each degree of hull motion freedom. The trim routine 
operates using these six equivalent controls in establishing the trim 
for powered flight conditions. The flight control system also provides 
for a simple proportional-integral-derivative (PID) closed-loop control 
structure for maintaining a trim condition and for response to input 
commands. The structure of the simulation is predicated on allowing 
comparatively routine modification to the flight control system subrou- 
tines to suit the requirements for individual vehicle configurations. 
Thus rotor rpm and the LPU gimbal angles represent potential additional 
controls; virtually any motion variable is a potential feedback signal. 

The largest body of material in this manual pertains to the model- 
ing of the aerodynamic forces on the HLA. The modeling includes hull 
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buoyancy and the so-called apparent mass terms, quasi-steady rotor aero- 
dynamics, a variety of aerodynamic Interference effects, and provision 
for random and deterministic aerodynamic disturbances having a spatial 
distribution appropriate to the large size of the vehicle. The reader 
is referred to Section 5 for a more det<t:^ed summary of the vehicle 
aerodynamics. Sections 6, 7, 8, and 9 describe the models in detail. 

Sectlou 10 describes the trim ^Igoiithm used in each of these three 
programs. For HLASIM and HLAPAY, the algorithm determines the sin trim 
control deflections required for vehicle trim. In the HLAPAY program, 
it first establishes the trim payload position and associated suspension 
cable tensions — the latter are forces external to the hull. In the 
HLAMOR program, the hull attitude is trimmed to null the vehicle accel- 
erations; the landing gear may or may not contribute to the forces act- 
ing on the hull depending on net heaviness of the HLA. 

The linearization algorithm described in Section 11 uses forward .id 
backward perturbations about the trim conditions to approximate the sta- 
bility and response derivatives. The derivative set differs for each of 
the three programs and does not include the closed-loop influence of the 
flight control system. Auxiliary derivatives are computed for internal 
and external force variations with perturbations in the state variables, 
commands and disturbances. These include, for example, the constraint 
forces acting at the LPU attach poincs, the cable tensions, etc. The 
p grams also computes the eigenvalues and eigenvectors associated wltn 
the characteristic matrix. 

Appendix A provides a cross-reference of experimental and analytical 
sources for the calculation of the hull and tail aerodynamic inputs. 
Appendices B and C are reprints of technl cal papers published during the 
course of the research which are Intended to illustrate typical heavy- 
lift airship dynamics and control characteristics. 


TR-1 151-2-II 


1-4 



SECTION 2 


HLA NOTION EQUATIONS 
A. NOTION EQUATIONS OVERVIEW 

The equations of motion fall into two groups * — those that describe 
the motion of the HLA itself, and those that model the motion of the 
payload. The tensions in the cables that connect the HLA to the payload 
depend upon their relative motion (Section 3) and represent external 
forces on both bodies. 

The payload is modeled as a single rigid body; its equations of 
motion are straightforward. 

The HLA itself is modeled as an interconnected set of five rigid 
bodies. The central body is the hull assembly consisting of gas enve- 
lope, tailfins, mooring roast attach point, landing gears, and the inter- 
connecting and supporting structure. The four peripheral bodies are 
lift-propulsion units (LPUs) consisting of a fuselage (or nacelle), 
lifting rotor, and thrusting propeller. These are attached to the hull 
structure at four points. Each LPU has f^ree angular degrees of freedom 
relative to the hull but is constrained in translational motion at the 
attach point. 

Equations of motion are written for each of the five bodies in iso- 
lation. The forces acting on each include external forces and con- 
straint forces, the latter acting at the attach points in equal but 
opposite directions for the bodies on either side of the attach point. 
Because the constraint forces are unknown, the absolute angular and 
linear accelerations cannot be evaluated directly. 

The translational constraints establish kinematic relationships 
between the motions of bodies on either side of an attach point. When 
written In terms of angular and linear accelerations of the bodies for 
all attach points, there results a second set of equations. This second 
set is solved simultaneously with the first to yield the accelerations 
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of all five bodies and the constraint forces acting between pairs of 
bodies* 

Because of the constraints, not all of these accelerations are inde- 
pendent. Therefore only a subset is chosen for incorporation in S, the 
rate of change of the system state vector. The subset is different for 
each of the three programs. Any other velocities and displacements are 
determined using algebraic equations describing the constrained rela- 
tionships between the velocity and displacement elements in the state 
vector, S, and the dependent velocities and displacements. 

The remaining elements of S are obtained from equations describing 
displacement rates of change in terms of velocities (kinematics), and 
from certain flight control system variables (Section 4). 

During the course of program development the simulation requirements 
changed, eliminating the immediate need for angular degrees of freedom 
between the LPUs and the hull assembly. This as been accommodated in 
the program code by zeroing the angular rates and accelerations between 
the bodies at the attach points. The result is that the hull and LPUs 
behave as a single rigid body. The simulation calculates the torques at 
the attach points required to constrain the angular motion. 

However, the input data requirements still treat the hull and LPUs 
as individual bodies. This facilitates data alteration; LPU locations 
can be changed without recalculating inertial properties for the assem- 
bly as a whole. Further, re-establishing the angular degrees of motion 
freedom a relatively minor change should it be required by the vehi- 
cle being modeled. 

B. NOTATION, COORDINATES, GEOMETRY, AND UNITS 

The physical system modeled in the simulation consists of six 
bodies. These are the hull (body h) to which are connected four lift- 
propulsion unit3 (bodies i; i * 1, 2, 3, 4) by means of three axis 
gimbals at each attach point. The sixth is the payload (body p) which 
is attached to the hull by means of four suspension cables. The hull 
includes the gas envelope, tail fins and the supporting structure to 


It 
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which the LPUs are attached. The LPUs each have a lifting rotor, a 
thrusting propeller, and direct thrust from jet exhaust. For the moored 
HLA simulation, the hull is connected to a point in the inertial refer- 
ence frame by an ideal three-axis gimbal. 

1* Notation Convention 

The equations describing the motions of the HLA use the notation 
convention summarized in Table 2-1. In this convention, subscripts 
generally refer to vector bases (n is an exception) and underscored 
variables are vectors. The first superscript refers to the body, the 
second to the point in the body. For economy in notation, when the 

point in the body is the mass center the second superscript is left 
blank. If, in addition, the vector basis is that fixed in the particu- 
lar body (i.e., first superscript is the same as the subscript), then 
the first superscript is also left blank. Thus the velocity of LPU 
attach point i on the hull expressed in the hull vector basis is denoted 
b y Zh** but the velocity of the hull center of mass expressed in the 
hull vector basis is simply V^. 

Additional subscripts are used to denote the origin of forces and 
torques. Thus F^ denotes the aerodynamic force acting at the hull 
center of gravity expressed in the hull vector basis, whereas denotes 
a non-specific force acting at this same point. 

2. Coordinate Systems and Transformations 

All axis systems are orthogonal right-handed vector bases in which 
positive sense angular rotations are right-handed rotations about the 
respective axes. The inertially fixed axis system or reference frame is 
denoted by (x^y^Zj) where the Xj and y^ axes lie in the horizontal plane 
and the Zj- axis is directed downward, along the gravitational vertical. 
Additional axis systems are referenced to the individual bodies making 
up the HLA. 
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b 

IBa 


b 

2a 


L 


ab 


B Eba 


o 


Force vector acting at point i in body b expressed in the a tb 
vector basis 

Linear velocity of point i in body b expressed in the a 1 "* 1 
vector basis. 

Position vector from point j in body a to point i in body b 
expressed in the a th vector basis. When j is blank, the posi- 
tion vector emanates from the origin of the a c vector basif. , 
the mass center of body a. 

Moment vector acting at point i in body b expressed in the 
vector basis. 

Angular velocity vector of body b expressed in the a tn vector 
basis. 

Euler angle rotation of body b with respect to body a. The 
order of the rotation sequence is defined separately f ” each 
a, b pair. 

Direction cosine matrix such that A a = L a bAb, where Ag and Ajj 
are generalized vectors expressed in the a^ and b 1 "^ vector 
bases, respectively. The transformation is orthogonal, thus 

L Ib = L Ib = Lba * 

Nonorthogonal transformation matrix relating the Euler angle 
rates of body b to the body axis rates of body b relative to 
body a expressed in the a tb vector basis. Thus, 

b b “"1 T 

ha = B Eba(iih ~ <&) and B a eb = B Et>a + Bgba* 

Indicates time derivative of a variable or time derivative 
relative to the inertial vector basis. 


(°) * Indicates time derivative relative to a non-inertial vector 

basis. 

( )^ - Indicates transpose (of a matrix or a vector). 
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The motions of the HLA are defined in terms of the ( x ti^h z h^ vector 
basis which is body-fixed with its origin at the center of mass of the 
hull assembly. The axes are directed as for an airplane — forward, to 
the right, and down for Xjj, y^, and z^, respectively. 

The rotations of the hull vector basis relative to the inertial vec- 
tor basis are expressed by the usual sequence of three Euler angle rota- 
tions — yaw (p), pitch (9), and roll ($) — in going from the inertial 
frame to the body frame. The transformation of a vector expressed in 
the inertial basis to the same vector expressed in the hull basis is 
denoted by 


dh * L hldl 


( 2 - 1 ) 


where is a generalized vector in the (x^y^^) vector basis, Aj ic a 
generalized vector in the (xjy^Zj) basis and 


with 


Lhl ■ L^qL^ 


( 2 - 2 ) 


L * 


1 0 0 

0 cos p sin $ 

0 -sin 4> cos <{> 


(2-3) 


L e 


cos 0 0 -sin 9 

0 1 0 

sin 0 0 cos 9 


(2-4) 
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so that 


L hl 


cos 9 cos ip 

sin <p sin 6 cos <p 

- cos $ sin ip 

cos <j> sin 0 cos ip 

+ sin 6 sin ip 


cos sin ip 0 

-sin \p cos ip 0 

0 0 1 

cos 9 sin ip 

sin $ sin 9 sin ^ 

+ cos $ cos Ip 

cos p sin 9 sin ip 

- sin p cos p 


-sin 9 
sin ip cos 9 

cos p cos 9 


(2-5) 


(2-6) 


The transformation is orthogonal, so that the inverse of the direction 
cosine matrix L^j is equal to the transpose: 


L hl ~ L Ih 


Lhl 


( 2 - 7 ) 


The order of the subscripts defines the "direction" of the transforma- 
tion. 

b. Lift Propulsion Unit 

The vector basis of the ith LPU (x^y^z^) is fixed within the LPU and 
has its origin at the center of mass of the LPU. Its orientation is 
similar to that for an aircraft — forward, to the right, and down. 

The coordinate transformation from the hull-fixed vector basis to 
the LPU-fixed vector basis follows an unconventional Euler angle 
sequence chosen to allow large pitch rotations about an axis parallel to 
the y^ axis without a singularity appearing in the equations relating 
the Euler angle rates to the body axis rates. The sequence is pitch 
(9^), yaw (ip^), and roll (p^). The transformation from the hull basis 
to the LPU basis is 


£i “ Lth^h 


( 2 - 8 ) 
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where is a generalized vector in the basis and 

L ih “ L 4>i L ti L Qi 


(2-9) 


with 




r 




Le H 


0 cos 

♦i 

sin 

$1 

(2-10) 

0 -sin 

H 

cos 

♦i 


cos i|/i 

sin 

h 

— 

0 


-sin 4»i 

cos 

H 

0 

(2-11) 

0 

0 


1 


COS 01 

0 

-sin 

H 1 


0 

1 

0 


(2-12) 

sin 0 t 

0 

cos 

9i_ 

1 


so that 


“ih 


COS 0^ COS ipi 

sin 0£ sin $i 
- cos 9i sin cos d>i 

sin di cos 

+ cos 9^ sin i^i sin $i 


sin i|>j_ 

cos \|»i COS <|>i 
-cos ij>i sin $i 


-sin 0i cos \|>i 

cos e-i sin (|>i 
+ sin 0£ sin cos <j>i 

cos 0i cos $i 
- sin 0i sin i|»i sin <|>i 

(2-13) 


Qj is the pitch angle of the 1th LPU about a gimbal axis parallel to 
the y h axis of the hull; and ^ represent the subsequent yaw then 
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roll rotations of the LPU relative to the hull. The nominal orientation 
(all angles small) represents the case where the lifting rotor's shaft 
is directed upward along the negative z^ axis. 

To transform a generalized vector in the LPU vector basis to the 
inertial vector basis requires multiplication of the direction cosine 
matrices. Thus 


L Ii * L Ih L hi (2-H) 

is the transformation matrix needed to relate a vector in the LPU refer- 
ence frame to the inertial reference frame. The transformation is 
orthogonal, thus 


Lit ■ L Ii * L hi L Ih • L ih L hI * Lxx (2-15) 


c. Payload 

The descriptions of the vector basis, the angular displacements, and 
the associated coordinate transformations are identical for the payload 
and the hull with a change in (or addition of) subscripts. Thus the 
vector basis is denoted by (XpypZp), the Euler angle sequence is yaw 
(ij»p), pitch (8p) , then roll ( d>p ) to describe its orientation relative to 
the inertial reference frame. 

The transformation from the payload vector basis to the hull vector 
basis requires multiplication of the direction cosine matrices: 

L hp * L hI L Ip (2-16) 

The transformation is orthogonal, thus 

L hp " L hp " L Ip L hI " L pI L Ih * L ph (2-17) 
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The equations of motion which describe the angular accelerations of 
the various bodies are written in terms of moments about the centers of 
gravity (mass) of the various bodies. These moments are composed in 

cil ell 3^ 

part o 2 vector cross products of the form R a x F a where R a is the 

dl. 

vector position of point i, the application point of the force, F a , 
relative to the mass center of the body. Figure 2-1 illustrates the 
geometry of these points and position vectors. 

The input data describing the location of these points is given in 
terms of position relative to a fixed geometric reference point within 
the body which in general is not the center of gravity. Therefore the 
desired position vectors represent vector differences between the point 
in question and the center of o^avity location. 

The numbering convention of the LPUs, landing gear attach points, 
and cable attach points is such as to put odd numbers to the left and 
smaller numbers forward. Thus LPU-3 is the left aft LPU. 


a. Hull Assembly 

The location of the hull center of gravity is denoted by Rh cv , the 
location of the center of gravity relative to the center of volume (cv). 
The several points of force application are as follows: 

• Hull mass center to the center of volume, cv 

Sh CV = -£hcv (2-18) 

• Hull mass center to ith LPU attach point (i ■ 1, 

2, 3, 4) 

Rh 1 " Rhcv - Rhcv (2-19) 

• Hull mass center to tail reference center, t 

R^ * Rhcv ~ Rhcv (2-20) 
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Hull Center 
of Volume 


Hull Moss Center 


Tail Reference 
\^Center 



Hull Mooring Point 
X; 


i th LPU 
Mass Center 


j th Cable Hull 
Attach Point 


i th LPU Attach Point 
(Point i on Hull, Point 
h or. ith LPU) 


kth Cable 
Payload Attach Point 


Note : Payload Reference 
Center, pc, not Shown. 


Note - Following Points on 
ith LPU not Shown- 

f Fuselage Aerodynamic Center 
r Rotor Hub Location 
p Propeller Hub Location 
e Exhaust Exit Point 
fc Fuselage Reference Center 


Figure 2-1. Vector Geometry of Hull, Payload and ith LPU 
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• Hull mass center to jth payload cable attach point 
(j - 1, 2, 3, 4) on the hull 

5h^ " Shcv ~ Shcv 


• Hull mass center to Jlth landing gear attach point 
U * 1. 2, 3, 4) 

hi hi h 

5h 5hcv Shcv 


• Hull mass center to mooring attach point, m 
Rh“ " 5h?v - Rhcv 


b. Lift Propulsion Unit 

The location of the ith LPU center of gravity relative to the 
ence center of the LPU fuselage (nacelle) is denoted by Rif c 
several points of force application are given by: 

• ith LPU mass center to fuselage aerodynamic 
center, f 

5i f - 5ifc - Rife 


• ith LPU mass center to rotor hub, r 
D ir _ „ir i 

Ri 5ifc “ 5ifc 


• ith LPU mass center to propeller hub, p 

Si P • Sife - Rife 


• ith LPU mass center to hull attach point, h 

ih _ih _i 
Ri “ Rife “ Rife 


(2-21) 


( 2 - 22 ) 


(2-23) 


refer- 
. The 


(2-24) 


(2-25) 


(2-26) 


(2-27) 
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• ith LPU mass center to exlu. it exit point, e 
Ri e - Rile - Eifc 


(2-28) 


c. Payload 


The payload is treated as a body having geometric properties such 
that its aerodynamic center and its reference center are one and the 
same. The center of gravity location relative to this center is given 

p 

by Rppc* The remaining points are given by: 


• Payload mass center to the ref err nee center, pc 


H PPC 

Rp 


■R P 

£ppc 


(2-29) 


• Payload mass center to kth cable attach point 
(k - 1, 2, 3, 4) on the payload 




(2-30) 


4. Units 


The simulation software is designed to operate with English units 
(1 lbf ■ 1 slug x 1 ft/sec^) r SI units (1 newton * 1 kg x 1 m/sec^). 
All angular units are defined in rad, rad/sec, rad/sec'*’, etc. The 
acceleration due to gravity, g, is a user-specified value, with units 
consistent with the input data. The user sets a "units flag" to signal 
the printing of the appropriate units with the input data listing. This 
flag also signals the appropriate calculation of power (i.e., kilowatts 
for SI units; horsepower, hp, for English units), see Section 7, Subsec- 
tion I. Except for this one calculation, no unit conversions are com- 
puted by the program. 

C. KINEMATIC EQUATIONS 

The kinematic relationships between velocities and rates of change 
of angular and linear displacements for the independent degrees of 


I* h 
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freedom are given In this subsection. The rates of change are elements 
of S. 

1 • Hull Assembly 


The angular velocity of the hull 
rates 

“h " (p 


is given in terms of the body-axis 



(2-31) 


and the Euler angle rates 

iii ■ [♦ b *] T 

* B Ehhii?h 


(2-32) 

(2-33) 


where 


B Ehh 


1 sin $ tan u 
0 cos $ 

0 sin (j>/cos 8 


cos $ tan 9 
-sin $ 
cos <fr/co8 0 


(2-34) 


This is a nonorthogonal matrix whose inverse (not equal to the trans- 
pose) is given by 


B hEh 


1 

0 

0 


0 -sin 0 


cos $ cos 9 sin $ 

-sin $ cos 9 cos $ 


(2-33) 


These relationships are the standard ones for an aircraft, have been 
derived elsewhere (e.g.. Ref. 2-1), and will not be repeated here. 


T 

The vector notation [ ] is used for ease of printing. 
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Note that the ordering of the Euler angle rates In Eq. 2-32 is such 
that, for small angles, the first angle represents a rotation about the 
x-axis, the second tbout the y-axis, and the third about the z-axis. 
The ordering does not imply the Euler angle rotation sequence* This 
convention results in the nonorthogonal B transformation matrices being 
Identity matrices when all Euler angles are zero. 

The rate of change of the linear displacement of the hull is given 
b; : 

Si - L Ih V h (2-36) 

2. Lift-Propulsion Unit 

The body axis rates of the ith LPU are given by: 

•Si " L ihiSh 

■ L ih L hIfi>i 

- [pi q t rt] 1 (2-37) 

The Euler angle (gimbal angle) rates are: 

I)h ■ [ii 9i k] T (2-36) 

“ B Eih(ih * fih) (2-39) 

The gimbal angles of the ith LPU and the Euler angles (relative to 
the hull) are identical. The corresponding rates are related to the 
angular rates of the LPU less those of the hull expressed in a common 
vector basis, in the above equation, the hull. 

The nonorthogonal transformation matrix is derived as follows. 

First the relative angular rates are expanded in terms of their compo- 
nents (see Fig. 2-2): 

L hi“i “ !Sh “ i34>i + jl®i + t24l (2-40) 
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Figure 2-2. Gimbal Angle Rates for ith LPU 


here I 3 , ji , and k 2 are unit vectors along the axes of tne LPU in 
successive positions in the Euler angle sequence, 8 ^, and . 
expressed in the X^Yj 2 ^ vector basis tnese unit vectors lead to: 


L hl“l _ £h 



1 


- 

U 


0 



• -1 


• -1 -1 


Sh ■ L lu 

0 

>1 + L 0t 

l 

01 + h 0t L lJl 

0 


0 


0 


l 


♦i 



- 


* 


cos 9[ cos 0 sin 0^ 


H 

■1 

sin 1 0 


0< 

X 


-sin 0^ cos i|»^ 0 cos 0^ 


H 


its 

When 


- 41 ) 
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cos 9^ cos ^ 

B hEi " | sin *i 

-sin 0^ cos ^ 


The inverse is given by 


0 sin 9^ 

1 0 

0 cos 9^ 



cos 9i/cos 

♦i 

0 

-sin 

Si/ 

cos 

♦i 

B Eih 31 

-cos 9^ tan 

♦i 

1 

sin 

H 

tan 

*i 


sin 0^ 


0 


cos 

e i 



(2-42) 


(2-43) 


A similar analysis leads to transformation matrices relating f)h to 
the difference between the LPU and hull rates expressed in the ith LPU 
vector basis. Thus 


Qh = B Eii(<& _ «i) 

* B Eii L ih(“h ~ “h) 

3 b E ih C— h ~ “h) 

* B Eih( L hi“i “ “h) (2-44) 
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BEii “ 


The inverse is 
B iEi * 

3. Payload 

The angular 
axis rates: 
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B Eih L hi 

1 -cos ^ tan 

0 cos ^/cos <|>i 

0 sin 


sin tan ^ 
-sin $i/cos 
cos 


(2-45) 


1 sin i|^ 0 

0 cos <(>i cos iJn sin 

0 -sin <}> jL cos ^ cos <t»i 


(2-46) 


velocity of the payload is given in terms of its body 
»p " [Pp *p fpf (2- 47 > 
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n{ - [<>p 9 p ip] 1 (2 48) 

* ®Eppi!)p (2-49) 

The sequence of payload Euler angle rotations relative to the inertial 
reference frame the same as for the hull. Thus and its inverse, 

Bpgp, are the sane as for the hull (Eqs. 2-34 and 2-35) except for 
changes in subscript. 

The payload position of interest is its position relative to the 
hull. The rate of change of this position, expressed in the hull vector 
basis, is equal to the difference in velocities. Thus, 


il - L hp V p - Vh (2-50) 

D. PAYLOAD EQUATIONS OF MOTION 

The translational motion of the payload is -'ritten in terms of its 
own vector basis: 


Lp 



(2-51) 


where F p is the total external force rating on the payload (body p) 
written In the pth vector basis, M* 3 is the diagonal mass matrix, Up is 
the angular velocity of the payload relative to inertial space expressed 
in the pth vector basis, V p is the linear velocity of the payload rela- 
tive to inertial space expressed in the pth vector basis, and V p is the 
time derivative of V p relative to the pth vector basis. 
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The body axis force* end velocities c«n be expressed In the Inertial 

vector beeie by p ream It ip Lying by the direction cosine matrix, U , 

P p 

a.g., 5£i “ LipVp. The inertiel ecceleretion of the payif*d is j'.ve- 

by: 

.P o 

ll - L lp (V p + Wp X Vp) (2-52) 

The rotational equation of motion tor the peyloed is likewise 
written In terras of Its own body *f iked vector bests having its origin st 
the payload center of mass: 

Ip * H p wp x H p (2-53) 


where Tp is the total external moment vector acting on the payload 

(body p) expressed in the pth vector basis, H p Is the angular momentum 

of the payload about Its mas* center expressed In the pth vector basis, 
o 

and Hp la the time derivative of Hp relative to the pth vector basis. 

The angular momentum is given by: 


Sp 


■ l lP ]p a>p 


( 2 - 54 ) 


where [ p is the pay load's inertia tensor about its center of mass in 
Its body-fixed vector basis. The time derivative of H p is given by: 


tip 


i , p ° 

“ [1 p U)p 


( 2 - 55 ) 


vhere the time derivative of the inertia tensor is *ero because the body 
Is rigid and because the derivative Is defined relative to the vector 
basis of the body. 

The translational and rotational equations of motion can be 
rearranged as follows: 
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“ -M P (u) p x V p j + F p 

" ( “2> p x [ lP ] p“p) + Ip 


(2-56) 

(2-57) 


The external forces and moments acting on the payload are discussed In 
Sections 3 (non-aerodynamlc) and 9 (aerodynamic). 


E. MULTIBODY SOLUTION ALGORITHM 


This subsection describes the solution algorithm for the accelera- 
tions of the hull and attached LPUs. As Indicated at the outset of this 
section, the algorithm involves the simultaneous solution of motion 
equations and constraint equations. 

The equations of motion for each body making up the HLA are written 
as if the body were in isolation. These equations are identical In form 
to Eqs. 2-56 and 2-57 for the payload with changes in subscript (h ■ 
hull; i ■ ith LPU, i - 1, 2, 3, 4). Among the forces acting on each 
body are the constraint forces acting at the attach point between the 
one body and the next. Because these forces are not necessarily 
expressed in the vector basis of the body and produce moments about the 
body's center of mass, coordinate transformations and cross products 
involving radius vectors to the attach points are involved in accounting 
for the constraints. When the equations of motion for all bodies are 
collected and arranged, there results a vector matrix equation of the 
form: 


MV » F + T VC F C (2-58) 
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where 

M » Inertia matrix including true inertia terms 
and aerodynamic acceleration derivatives 
for the hull 

o 

V - Acceleration vector 

F * Applied force vector excluding those accel- 
eration derivative dependent terms which 

are accounted for by certain elements in 
o 
MV 

Tyc » Matrix relating the constraint force vector 
to the acceleration vector 

Fc ■ Constraint force vector expressing the 
forces and moments acting between component 
bodies due to ideal constraints 

The fact that the bodies are fastened together at the attach points 
means that there exist functional relationships between the motions of 
one body and the motions of the body to which it is attached. These 
relationships are constraint equations. When all such relationships are 
expressed In terms of the accelerations of the several bodies and appro- 
priately arranged, there results a second vector matrix equation of the 
form: 


T CV V - E + V rel 


(2-59) 


where 


a *Certain of the aerodynamic forces are dependent upon elements of 
These terms are moved to the left-hand side of the equation to 
facilitate the solution, see Section 8. 

**Non~ideal constraints arise out of modeling the forces between the 
bodies as being dependent on, e.g., flexibility and damping effects. 
Such forces are included in 
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Tgy - Matrix relating the acceleration vector to 
the relative and required acceleration vec- 
tors 

E » Required acceleration vector needed to 
establish the constraint forces (depends 
upon various body velocities) 

Yrel “ Relative acceleration vector allowed (or 
specified) by the constraint 

o 

To solve these equations for V and Fq one starts by eliminating V. 
Equation 2-58 is premultiplied by the inverse of the inertia matrix M - "* 
to yield an expression for Jie acceleration vector: 


V - M -1 F + M -1 T VC F C (2-60) 

This expression is substituted into Eq. 2-59 to give: 

T c ,M-lF + T cv M-lT V cFc " S + V rel (2-61) 

This is arranged to give: 

T cv M-lT vc F c - E - T cv M-lF + V fel (2-62) 

which is an equation of the form 

AF C - B (2-63) 

where the matrix A ■ T^yM^T^ Is known, as is the vector 

B - E - TcyM-iF + V rel (2-64) 


Equation 2-63 is solved numerically for Fg. The result is substituted 

o 

back into Eq. 2-60 to obtain a numerical evaluation for V. 

o 

Those elements of V which represent constrained motions need not be 
Integrated for the corresponding elements of V. This is because they 
are motions completely determined (by virtue of the constraints) on the 
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remaining elements of V. Thus V is appropriately truncated to fora part 
of the state vector rate of change. 

F. HULL AND LPU EQUATIONS OF MOTION 

Expansion of Eq. 2-58, using equations of the forms given by 
Eqs. 2-56 and 2-57 (wit i a change in subscripts) is straightforward. 
The external forces and moments acting on the five bodies are discussed 
in Section 3 (non-aerodynamic) and Sections 5 through 8 (aerodynamic). 
Figure 2-3 shows the vector matrix expansion where the acceleration- 
dependent aerodynamic force terms of the hull have been accounted for in 
the 6x6 inertia matrix in the upper left-hand corner of M. These 
aerodynamic terras are not present in the hull external force and moment 
terms, and T^, on the right-hand side of the equation. To complete 
the motion equations requires expansion of Ty^F^. 

The constraint force acting on the hull at the ith LPU attach point 
Is written in the hull vector basis as Fc^. For the mooring simulation 
there Is an additional constraint force, With four LPUs assumed, 

the constraint forces can be written as follows: 

• On the hull: ( L &*)+ EcJ 


• On the Ith LPU: 


i v hi 

L ih!c h 


In the latter equation, the equal and opposite (hence the minus sign) 
constraint forces are resolved into the ith vector basis using the dir- 
ection cosine matrix L^. 


The constraint moment acting at the ith LPU attach point is written 
in the hull vector basis as Icj/ The momenta acting at the hull center 
of gravity also Include those due to the constraint forces acting on the 
moment arm r|^, i ■ 1, 2, 3, 4; and on the moment arm Rh”. The con- 
straint moments can now be written: 
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• On the hull: £ (icj^ Sh* * £cj) + Sh” * £<£ 

i-1 

• On the 1th LPU: -L ih TcJ - Ri h * L lh F(£ 

In the latter equation the sign Is negative because the constraint 
force on the ith LPU has the opposite sign from that acting on the hull. 

The constraint forces and moments are arranged as shown in Fig. 2-4. 
To expand the Ty^ matrix the following identities are used: 


where 


and 


A x B 

» -B x A 


(2-66) 

A x B 

- [Ax]B 


(2-67) 

A 

T 

- [ai a 2 a 3l 

(2-68) 

0 

-a 3 a 2 



a 3 

0 -a i 


(2-69) 

-a 2 

ai 0 




G. HULL AND LPU CONSTRAINT EQUATIONS 

The hull and the ith LPU are both rigid bodies which are fastened 
together at a single point; point h on the ith LPU aid point i on the 
hull are coincident. The translational motion of the LPU is a dependent 
variable in the sense that the position and attitude of the hull and the 
LPU gimbal angles, i.e., angular orientation of the LPU relative to the 
hull, determine the motion of the LPU center of mass. 

In particular, the LPU position relative to the hull can be 
expressed in the hull vector basis as: 
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Figure 2-4. Constraint Force Terms, TypFp, in Equations of Motion for Hull 

and LPUs (Eq. 2-70) 



(2-71) 
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_1 „hi pih 

5h " Sh “ L hiSi 

It can also be expressed in terms of positions relative to the inertial 
reference frame: 

T -IH*h * *1 ~ Si (2-72) 

When is eliminated between these two expressions, the LPU center of 
mass position relative to the inertial reference frame is defined in 
terms of tho Independent variables — hull position and two direction 
cosine matrices (note that W^L^ ■ Lj^): 

Si - 5l + LlhSh 1 - LliSi h (2-73) 

The velocity of the LPU center of gravity is likewise constrained. 

Taking the time derivative of Eq. 2-73 yields: 

Vj « Vj +(LihU>h x Rh^-^liSi x Si h ) (2-74) 

The linear velocities can be expressed in the vector bases of each 
body by noting that Vj =* LxxYi an< * " ^IhYh* Making the substitu- 
tions and premultiplying by L^x gives: 

Si - L ih (V h + ujh x R^ 1 ) -|u,x x R^j (2-75) 

This expression, made possible by the existence of the translational 
constraint at the LPU attach point to the hull, allows determination of 
Yx in the simulation without integration of an acceleration. 

However, the constraint equations required for simultaneous solution 
with the equations of motion must be stated in terms of accelerations. 
Accordingly, the time derivative of Eq. 2-75 is taken, the derivative 
being relative to the vector bases of the Individual bodies: 
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v i + fSi * Yi * L ihtYh + SSh x Yh “h x Sh 1 

+ A x (<Sh x Sh*)] “ “1 x El h “ 2>i x 'a x 5i h ) 

(2-76) 

This equation is prenultiplied by L^ and rearranged to place all the 
acceleration terms on the left-hand side: 

o o hi 0 0 ih 

Yh + Sh x £h “ L hiYi “ L hi“i x 5i 

" -gh x (Yh + “h x Sh*) + L hi[<W x (Yi + at x 5i h )] 

(2-77) 

This is the desired translational motion constraint equation pertaining 
to the attach point between the hull and the ith LPU The right-hand 
side is an element of E in Eq. 2-59. No relative acceleration is 
allowed and the contribution to V re i is a zero element. 

The angular motion of the hull relative to the LPU is treated as 
constraint motion. Again the constraint is ' * . terms of accelera- 

tions. Thus taking the derivative of Eq. 2-44 yields 

% " B Eih( L hi“i “ “h) (2-78) 

The desired equation is obtained by premultiplying by and placing 

the body-axis acceleration terms on the left-hand side: 

o 0 

<J?h “ L hi“i " _B hEiJ3h (2-79) 

The right-hand side of the equation is an element of V re ^; the contribu- 
tion to E is a zero element. 

In the HLAMOR program the moored flight condition is simulated by 
adding an additional constraint between a point on the hull and the 
inertial reference frame. The position of the hull mass center is given 
by: 


J 
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5l “ 5l h ~ Li h Rh“ (2-80) 

where is the location of the mooring mas* attach point, h, in tha 

Inertial reference frame. 

The velocity of the mass center is obtained by takln* the derivative 
with respect to time (note that Rj is a constant): 

ii • -khSh » <" (2-8‘) 

Noting that Vj - L thKh 8 iv «® : 

Yh - -Sh * 5h° (2-82) 

This expression and Eq. 2-80 are used to determine the hull's velocity 
and position, respectively, in the mooring simulation. 

Taking the time derivative of Eq. 2-82 relative to the hull vector 
basis gives: 

v h + (yh * Yh) " (““h * Eh”) “ “h * (<Sh x Sh”) (2-83) 

The desired constraint equation is obtained by placing the accelerations 

on the left-h.nd side, all other terms on the right: 

Yh + (yh x 5h m ) “ ~“h x (Yh + yh x Sh”) (2-84) 

The term on the right is an element of E; there is no contribution to 



The constraint equations are arranged in vector-matrix form as shown 
in t'lg . 2-5 (Eq. 2-83). The constraint associated with mooring is par- 
titioned from the remaining terras by a dotted line as it is only present 
in HLAMOR . 
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Careful examination of T^y reveals that this matrix Is the transpose 
of Ty q shown in Fig. 2-4 (Eq. 2-70). The same storage array can be used 
for both matrices. 


H. FORCE AMD MOMENT SUMMATIONS 


This subsection summarizes the external forces and moments acting on 
the several bodies making up the HLA. 


1 . Hull Assembly 


The hull-tail assembly external forces originate in gravity, the 
landing gears, the payload suspension cables, and aerodynamics. The 
force summation is: 


Ih - lG h + Fgh + F Ch + - FHAD h ) 

2-65 3-1 3-19 3-33 8-298 


(2-86) 


where the designations under each term note the equation where the term 
is defined. This practice is repeated throughout this subsection. 

The external moments acting on the hull assembly are: 


Ih * Igh + Ic h + (lAh - lHAD h ) 
2-65 3-20 3-34 8-299 


(2-87) 


In these two equations the F^ad^ and IHAD^ terms are the hull accelera- 
tion-dependent portion of the total hull aerodynamic force and moment 
vectors, F_* h and Ta^* have been moved to the left hand side, 

thereby augmenting the hull inertia matrix, [l^]h» 8ee Sec. 8, Subsec- 
tion I. 

2. LPli 

Each LPU (i - 1, 2, 3, 4) has gravitational, aerodynamic and direct 
thrust forces rating on it. The force summation is: 
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Ei ■ Eg i + Eai + Eel 0F P0 0R QliALH’V 

2-65 3-2 7-95 3-41 


( 2 - 88 ) 


The moment summation Is: 


li “ lAi + lei 
2-65 7-96 3-42 


(2-89) 


3. Payload 

The payload has gravitational, aerodynamic and payload suspension 
cable forces acting on it. The force summation is: 

Ep - iGp + Ecp + EAp 

(2-90) 

2-56 3-3 3-35 9-13 

The moment summation is: 

Ip - Ic p +lA p 

(2-91) 

2-57 3-36 9-14 


1. STATE VECTOR BATE OF CHANGE 

The elements making up the state vector rate of change, S, differ 
for each of the three simulation programs, as do the set of dependent 
variables which come about because of the constraints. Table 2-2 lists 
the vector elements of S in order in the left-hand column together with 
their sources (MSA =* Multibody Solution Algorithm) for the HLASIM pro- 
gram. The column of dependent vector variables on the right falls out 
of the translational constraints between the LPUs and the hull. This 
version of the program has 42 integrated quantities plus spares; each 
vector element has three components. 

The number increases to 54 plus spares for the HLAPAY program. The 
added elements in S are listed with their source equations in Table 2-3. 
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TABLE 2-2. INTEGRATED AND DEPENDENT VARIABLES, 
HLASIM PROGRAM 


INTEGRATED 

SOURCE OR 

DEPENDENT 

SOURCE OR 

VARIABLES 

EQUATION 

VARIABLES 

EQUATION 

0 

Yh 

MSA 

K hl 

MSA 

0 

MSA 

_hl 

Ic h 

MSA 

•h 

5i 

2-36 

Yi 

2-75 

• h 
21 

33 

„i 

£h 

2-71 

0 

<Sl 

MSA 

p b2 

F - C h 

MSA 

.1 

2h 

2-44 

T h2 

Ic h 

MSA 

O 

U)*T 

MSA 

Y2 

2-75 

.2 

Dh 

2-44 

3h 

2-71 

0 

£3 

MSA 

£ 

MSA 

.3 

Qh 

2-44 

£ 

MSA 

0 

f4 

MSA 

Y3 

2-75 

• 4 
Oh 

2-44 

5h 

2-71 

Vint 

See . 4 

„h4 

ECh 

MSA 

ilNT 

Sec. 4 

Ic h 

MSA 

Spares 

— 

Y4 

2-75 

Spares 

— 

Sh 

2-71 
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TABLE 2-3. ADDED INTEGRATED VARIABLES, HLAPAY PROGRAM 


INTEGRATED 

VARIABLES 

EQUATION 

o 



2-56 

0 


iSp 

2-57 


2-50 

i! 

2-49 


TABLE 2-4. CHANGES TO INTEGRATED AND DEPENDENT VARIABLES, 

HLAMOR PROGRAM 


DELETED 

INTEGRATED 

VARIABLES 

SOURCE OR 
EQUATION 

ADDED 

DEPENDENT 

VARIABLES 

" 

EQUATION 

0 




Xh 

MSA 

^ C h 

MSA 

•h 




5i 

2-36 

Xh 

2-82 

• 

XlNT 

Sec. 4 

5l 

2-80 

Spares 

— 
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The mooring simulation has no active control. This removes the 

• • * 

flight control system variables, Vijjt an d “INT from § In HLASIM. The 
addition of the mooring mast constraint makes V}, and Rj dependent varia- 
bles and further adds the mooring mast constraint force vector, 

These changes are listed in Table 2-4. HLAMOR has only 30 integrated 
quantities. 

A final modification was made to the program structure as a result 
of changes in the simulation requirements. Specifically, controlled or 
flexible joints between the LPUs and the hull were no longer required. 
The following changes were made in the program code: 

• The gimbal angle accelerations ais set to zero in 
Eq. 2-85 (Fig. 2-3), i.e., 

2h " 0 , i * 1, 2, 3, 4 (2-92) 

• The value of uij returned by the integrator is 
ignored. Instead the following equation, obtained 
from Eq. 2-40 by setting the gimbal rates to zero, 
is used: 

“i " L ihi$h » i - 1, 2, 3, 4 (2-93) 

• The gimbal angle rates In S are likewise set to 
zero to avoid drift in the gimbal angles which 
could conceivably occur due to, lor example, 
roundoff errors in the coordinate resolution. 

Thus, 

Uh ■ 0 , i * 1, 2, 3, 4 (2-94] 


The result makes the multibody system composed of hull and central 
LPUs behave like a single rigid body. However, the simulation still 
calculates and T^, which are internal loads in the structure of the 
HLA. Reversing these changes and incorporating an appropriate model for 
the LPU gimbals is all that is required to model the flexible five-body 
system envisioned at the outset. 
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SECTION 3 


MON-AERODYNAMIC EXTERNAL FORCES AND MOMENTS 


A. SCOPE 

This section describes all of the external forces acting on the 
several bodies making up the HLA and its slung payload except for those 
due to aerodynamics (to be described later in Sections 5 through 9) or 
already accounted for in the ideal constraint forces and moments des- 
cribed in Section 2. These external forces originate in the following 
sources: 

• Gravitational acceleration 

• Landing gear 

» Payload suspension cables 

• Direct thrust 

The following subsections contain the mathematical models for these four 
types of external forces. 

B. GRAVITATIONAL FORCES 

The gravitational forces act at the center of mass of the respective 
bodies, the center of mass being regarded as fixed within the body. In 
the case of the hull, the center of gravity depends upon the structure 
and the distribution of the lifting gas and ballonet-contained air 
within the envelope. The gravitational torques are zero. 

The gravitational force is expressed in the vector basis of each 
body. Thus: 

1) Hull 

EG h 3 “hS L hl[° 0 i] 1 


. i 
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c. 


2) ith LPU 


nAfiH 


lG L * migL lh L hl [0 0 l] T 
where Is the mass of the 1th LPU. 
3) Payload 

Eg p “ ®pg L P i[o 0 l ] T 

LANDING GEAR FORCES AND MOMENTS 


(3-2) 


(3-3) 


Landing gear forces a:t on the hull when the hull position relative 
to the ground is such as to bring one or more landing gears in ground 
contact. The model is a simplified representation of the dominant 
forces associated with a landing gear having a swiveled wheel in ground 
contact. The forces are due to landing gear strut compression, compres- 
sion rate;, and rolling friction over the ground. 

The landing gear strut is vertically oriented with respect to the 
hull vector basis and located at a point Z (■ landing gear) on the hull. 
The location of this point in the inertial reference frame is given by: 

Kl l - Ri + L Ih Rh* (3-4) 

■ [ x i* yi* -h i] ( 3 ~5) 


where h^ is the altitude of point Z above the ground plane, see 
Fig. 3-1. 

The distance, Z^, between point Z and the ground plane measured 
parallel to the hull z-axis is given by: 




h z 

cos 0 cos $ 


(3-6) 


The bottom-most portion of the wheel or skid is located at point g 
(■ ground contact), a distance Zg below point Z when measured in the 
hull vector basis. When fully relaxed or extended, Zg ■ Z 0 g. Thus a 
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comparison between Z^ and i, Q g determines whether or not the landing gear 
has contacted the ground: 

| *og » ^ *og 

*g - ] (3-7) 

' » *1 * *og 

In the latter case, point g lies In the ground plane. 

The axial forces In the strut depend upon the compression length and 
the compression rate. The spring force has two gradients (positive 
sign). The smaller of the two, Kg, corresponds to the strut spring 
force; the larger, Kg^, corresponds to deflection of the hull structure 
itself. Figure 3-2 plots force versus deflection for zero deflection 
rate. The force is negative because it acts in the negative z-axis 
direction on the hull. 

The total axial (z-directlon) force acting on the hull at point g 
Includes a damping term and Is given by: 

! ° » H ^ *og 

Kg(ig - ! og ) + Cgig <0 ; 0 < lg < Z 0 g 

K f £g - Kg! og + Cgi g <0 ; Z g < 0 (3-8) 

The rate of change of landing gear deflection, i g , is zero for Z% > Z Q r 

• • • ® 
and equal to Zg m Z% for Zi < i og . Z i is obtained by differentiating 

Eq. 3-6 with respect to time and rearranging terms. Thus the compres- 
sion rate for Z% < Z Q g is given by: 

*8 “ 7 os e'cos » + h 8in 9 cos <> 9 + *g cos 9 sin ♦♦] < 3 " 9 ) 
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There are other forces acting at point g originating in the interac- 
tion of the landing jear with the ground. In the inertial reference 
frame, these interaction forces consist of a normal force, acting per- 
pendicular to the plane of the ground, and a friction force, acting in 
the plane of the ground. The friction force is modeled as a Coulomb 
friction force proportional to the normal force and acting against the 
direction of motion. Tho total force vector is given by: 

Cgf * 1] T Fg?(3) (3-10) 

where is the proportionality constant (positive sign), and 

*hg r~hg »hg -.iT 

®I - L e Ix e Iy °J 


is the unit vector in the direction of the velocity of point g, and 
Fg®(3) is the z-axis or normal component of the force. Fg®(3) is always 
negative (l* < A og ) or tero (A* > A 0 g). 

The location of point g in the inertial reference frame is given by: 


R l 8 “ Rl + LihtRh*' + Rhl] (3-11) 

where R^f ■ [0 - £ g j T . The velocity is obtained by taking the first 

time derivative: 

ll 8 * ¥l + L Ih[“h x Rh 4 + Rhl + SSh x Shf ] (3-12) 

- kh[Yh + [0 0 ig) X+ ^ x (Rh t+ ^1)] (3-13) 

- [ Vj 8 ( 1 ) Vi 8 (2) 0] T (3-14) 
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The unit vector, ej®, is the norm of the velocity vector: 




(3-15) 


All that remains now is to determine the normal force. This is 
accomplished by resolving Fg® into the hull vector basis where the third 
component, Fg®(3), is known and given by Eq. 3-8. The resolution is: 

Eg? - L hlSgf (3-16) 


The third component in terms of the normal force is: 


Fg®(3) * [ e Ix u k( co8 $ s: *' n ® 008 ♦ + sin $ s * n 'P) 

+• ^(cos <p sin 9 sin ip - sin <p cos ip) 

+ cos $ cos 0]Fgj(3) (3-17) 

fop 

When this expression is solved for Fg®(3), and the result substituted 
into Eq. 3-10, the total force acting at point g is defined. Equa- 
tion 3-16 then defines the force acting at point g. The moment acting 
on the hull is given by: 




X 



(3-18) 


The forces and moments are summed for the four landing gears as 
follows: 



(3-19) 


(3-20) 
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D. SLING FOACKS AND MOMENTS 


The payload Is suspended below the hull on a seri«* of cables, as 
many as four. These cables are attached at points j on the hull and 
points k on the payload. The cable force acte between points j and k 
and is modeled as a combination of tensile and damping forces. The 
tensile forces proportional to cable stretch from its relaxed length 
and to stretch rate. 

The vector distance between point j on the hull ar.d point k on the 
payload in the hull vector basis is: 

pk pk hj 

Shj - 5h - Rh (3-21) 

where the first term on the right-hand side is given by: 
pk p pk 

*h " lh + LhpRp (3-22) 


The distance between points j and k is given by the absolute value 
of the vector distance: 





(3-23) 


■ Vk 


p j>‘ + K $) 2 * C ’£> 2 


(3-24) 


The unit vector directed from j to k is given by the norm: 



L Pk 


(3-25) 


The rate of change of is given by the dot product of the unit 
vector and the time derivative of the vector distance: 
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. .pk .pk 

*Jk " Shj • Shj 


.pk. pk .pk.pk .pk.pk 
* x hj«hJ x + yhj«hjy + t hJ e hj x 


(3-26) 

(3-27) 




where Rj, j is obtained by taking the time derivative of Eq. 3-21: 
.pk .pk .pk 

Ehj " 5h “ 5h 


(3-28) 


- 4i P (v p + «p x Rp k ) - (Yh + «h * 5h J ) (3-29) 


The cable force is given by: 


( Kc(*jk ” *o Jk ) + c C*jk > 0 i *jk > *Oj k 

F Jk - (3-30) 

0 * *J k < 4 Ojk 


where loj k is the relaxed length cf the cable and and Cq are the 
spring and damping constants, respectively. 

This force magnitude is converted into a vector by taking the dot 
product with the unit vector: 


hj pk 

lc h * Ljk * Shj 


(3-31) 


The equal and opposite force acting at point k on the payload is: 
.P k . hj 


lc r 


" L ?hEc h 


(3-32) 


The total cable force acting on the hull is: 


- c h 


J-l 


(3-33) 
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A, hj hj 

Ic - L 5h « Ec h 


0-34) 


J-i 


The total cable force acting on the payload center of gravity la: 


A P k 
Ec„ ' E Ee„ 

p k-1 p 


(3-35) 


The moment about the payload center of mass Is: 


V* Pk pk 

T c - L, r d x f c 

~ P k-1 " P P 


>3-36) 


K. DIRECT THRUST FORCES AMD MOMENTS 

Each Ilf t-propulslon unit Is acted upon by direct thrust forces due 
to the Jet exhaust of Its turboshaft (or equivalent) englne(s). The 
thrust acts at a point e (- exhaust) and Is directed along the negative 
z-axls of a coordinate reference frame which Is oriented with respect to 
the LRU reference axes by a negative pitch angle, Bj g , and 4 subsequent 
positive roll angle, A| . This peculiar choice is made for compati- 
bility with similar definitions for propeller shaft orientation and for 
rotor control or swashplate axes discussed in Section 7. 

The pitch angle, B, is In the negative sense about the LPU y-axis; 
the roll angle, A^ e , is In the positive sense about the new x-axls loca- 
tion (Figure 3-)). The pitch transformation matrix Is given by: 


cos »le 0 8ln B le 


* 1 , 


-sin »le 0 cos 


(3-37) 
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T e j Direct 



Figure 3-3. Orientation of Direct Thrust Vector 
Relative to LPU Reference Axes 


The roll transformation matrix is: 


^le 


1 

0 

0 

0 

cos Aj e 

sin Aj e 

0 

-sin Aj e 

cos Ajg 


(3-38) 
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so chat 


Lei " L Ai e T 'B le 


cos Bj e 

-sin Bi e sin Aj e 
-sin Bi e cos Ai e 


0 sin Bi e 

cos Ai e cos ®le A i e 

-sin Ai e cos ®le cos A le 


(3-39) 


This is an orthogonal transformation whence: 


-1 T 

L ie * L e i * L e i 


(3-40) 


The force acting on the LPU is given by: 


ill ~ L le [0 0 -T e ] J 


(3-41) 


The corresponding moment about the LPU center of mass is: 


lei * 5ei x Eei 


(3-42) 


F. CAUTIONARY REMARKS 

The running costs for the simulation can increase dramatically if 
the integration routine is forced to small step sizes by the presence of 
high-frequency modes in the system structure. Operation of the trim 
routine (Section 10) is also adversely affected. Among the nonaerody- 
namic forces there are two potential sources of such high-frequency 
modes: 

1) Landing gear 

2) Payload sling 

The user is therefore cautioned to err on the side of low frequen- 
cies when working up a data set that includes landing gear and c« 
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spring forces. Verify the approximate frequencies associated with the 
spring constants chosen so as to not call for very high frequencies 
Inadvertently. Testing of the simulation to date has shown both of 
these potential sources of difficulty to be manageable without violating 
physical reality for such structures. 
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SECTION 4 


FLIGHT CONTROL SYSTEM 


A. OVERVIEW 

The fligh'; control system Implemented in the simulation is a highly 
simplified representation of an automatic feedback control system that 
exercises control over all six degrees of hull motion freedom. It func- 
tions to maintain trimmed flight conditions in the presence of distur- 
bances and can execute maneuver commands. However, its design does not 
attempt to anticipate the needs of all users or all possible HLA con- 
figurations. Rather, the goal was to allow source code changes with 
minimal difficulty to suit the requirements of individual users. 

The generalized loop structure for all six control loops is typified 
by the .longitudinal velocity control loop shown in Fig. 4-1. The system 
is of the proportional-integral-derivative (PID) type incorporating 
limiters at three points in the loop. It is responsive to commands from 
a command generator at the extreme left and a test input generator at 
the right. Control is exercised through a mixer box at the extreme 
right. The resulting control surface deflections are inputs to the 
remainder of the simulation, the block labeled HLA Dynamics. The simu- 
lated motion outputs are modified by the flight control sensors whose 
outputs are the fe?dbacks to the control loop. In certain loops a posi- 
tion feedback can be substituted for the velocity command in the command 
generator, thereby creating a position hold system. 

The remainder of this sectlor. discusses the various elements of 
Fig. 4-1 that make up the flight control system. 

B. MIXER BOX 

The mixer box functions to link the numerous control surfaces into 
six equivalent and approximately orthogonal control points, one for each 
degree of hull motion freedom. The simulation trim state calculations 
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Integrator 

and 

Integrator Limits 



Control Systen Loop Structure 



(Section 10) also operate through these six control points. Changes 
made to this part of the system must therefore be made with care because 
both flight control and trim functions are affected. On the other hand, 
such changes are relatively easy, being confined to a single routine, 
SUMCON , in the source code; th^ linking is not alterable through input 
data changes. 

The pres-nt code is appropriate for an HLA having four LPUs, two on 
either side of a central buoyant hull located anead and behind the 
center of gravity. The LPUs have fore-and-aft thrusting propellers in 
addition to the lifting rotors. The rotors have longitudinal and 
lateral cyclic controls; both rotors and propellers have collective con- 
trols. Hull-mounted fins have three controls corresponding to the con- 
ventional airplane's elevator, aileron, and rudder surfaces. There are 
no links to the LPU gimbal angle accelerations, n£, the LPU direct 
forces, T fi , or to the rotor and propeller speeds, and flp. These 
variables, while fixed by input data specification in the current simu- 
lation, represent additional control possibilities in future develop- 
ments. 

The link equations were chosen to provide approximrtely orthogonal 
responses and adequate control power for the HLA configuration des- 
cribed. The individual LPUs are identified by the number in parenthe- 
ses. The numbering convention has all odd numbers on the left and even 
on the right; lower numbers forward, larger numbers aft. 


Propeller Collectives, 
tion commands u c and r c 
yawing velocity control 

These are controlled by accelera- 
from the longitudinal velocity and 
loops: 


e op U> - 

“c + *c 

(4-1) 

9 0 p(2) - 

“c - *c 

(4-2) 

®op(^) * 

• . • 

u c + r c 

(4-3) 

9op( 4 ) * 

♦ • 
u c - r c 

(4-4) 
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• Rotor Collectives . These are controlled by acceleration 
commands, w c , p c> and q£, from the vertical velocity, roll 
attitude, and pitch attitude control loops, respectively: 


QorO) 

■ ~W C + P C + 4 C 

(4-5) 

e or ( 2 ) 

" -w c “ Pc + 4c 

(4-6) 

9or(3) 

" -W C + Pc “ 4c 

(4-7) 

9 or (4) 

* -Wc - Pc - 4c 

(4-8) 


• Lateral Cyclics. These are controlled by acceleration 
commands from the lateral velocity control loop with no 
other mixing; control power is most limited in this axis: 


Als r (D 

m 

v c 

(4-9) 

Al Sr (2) 

« 

V C 

(4-10) 

Als r (3) 

* 

Vc 

(4-11) 

Als r (4) 

at 

Vc 

(4-12) 

Longitudinal Cyclics. These controls 
with the propellers to Increase the 
longitudinal and yawing acceleration: 

operate in parallel 
control power for 

*ls r (D 

■ 

(l/2)u c + 2v c 

(4-13) 

Bls r <2) 

- 

(l/2)u c - 2r c 

(4-14) 

Bls r (3) 

= 

(l/2)u c + 2r c 

(4-15) 

B ls r (4) 

- 

(l/2)u c - 2r c 

(4-16) 


• Tall Fin Deflections . These are controlled by accelera- 
tion commands from the attitude loop: 


6 a " 

"Pc 

(4-17) 

S e * 

~4c 

(4-18) 

fir " 

• 

-r c 

(4-19) 


C. TEST INPUT FEATURES 

The simulation allows the user to increment any of the six linked 
control points or any of the control surfaces for simulation test 
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purposes. These increments are added to the six control loop outputs or 
to the mixer box outputs, respectively. The user specifies a starting 
time, an ending time, and the size of the increment. The result is to 
place a finite width pulse on the particular control during the time 
Interval. 

These capabilities are summarized in Table 4-1. Note that the 
starting and ending times for a particular set of controls apply to all 
the possible inputs of this set. For the rotor controls, there are 

twelve input points all governed by the starting and ending times t^ r 
and t 2 r * 


TABLE 4-1. TEST INPUT CAPABILITIES 


CONTROL POINT 

START 

END 

TEST INPUTS 

Linked controls 

tlic 

t 2i c 

Au c , Av c , Aw c , Ap c , AQc > 4r c 

Rotor controls 

fc lr 

c 2r 

A0 O r(i); i - 1, 2, 3, 4 
AAi Sr (i); i - 1, 2, 3, 4 
AB 1Sr (i); i - 1, 2, 3, 4 

Propeller controls 

c lp 

B 

A0 op (i); i “ 1, 2, 3, 4 

Tail surface 

c lt 

c 2t 



0. CONTROL LOOPS 

The structure of all six control loops is the same as shown in 
Fig. 4-1. Commands from the Command Generator (subscript c) are differ- 
enced with the state feedback (subscript f) to give the state error 
(subscript e). The derivative, or rate feedback (also subscript f) is 
passed through a rrte gain (symbol T) and subtracted from the state 
error. The result passes through the proportional gain (symbol K) and 
through a parallel combination of a straight-through path and an Inte- 
gral path (gain symbol Kj). The sum becomes the acceleration command 
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(also subscript c) in the absence of any additive test inputs to tho 
limited control point. 

The control loop signals for all six control loops are listed in 
Table 4-2. With the exception of the yaw rate loop, where there is no 
rate feedback, all elements are present in all loops. 

The parameters for all six control loops are listed in Table 4-3. 
Here the limits are symbolized the same as in the computer code. 


TABLE 4-2. CONTROL LOOP SIGNALS 


CONTROL LOOP 

INPUT 

COMMAND 

STATE 

FEEDBACK 

STATE 

ERROR 

RATE 

FEEDBACK 

INTEGRATOR 

OUTPUT 

CONTROL 

OUTPUT 

Longitudinal 

Velocity 

u c 

u f 

u e 


U I 

H 

Lateral Velocity 

■B 

v f 

v e 

Vf 

V I 

B 

Vertical Velocity 


hf 

• 


hi 

Sc 

Roll Attitude 

^9 

♦f 

*c 

Pf 

* 

Pc 

Pitch Attitude 

19 

0 f 

9 c 

If 

9 I 

B 

Yaw Ra'"’ 


♦f 

Q 

— 

• 

* 

B 


TABLE 4-3. CONTROL LOOP PARAMETERS 


CONTROL LOOP 

RATE 

GAIN 

PROPORTIONAL 

GAIN 

INTEGRAL 

GAIN 

INTEGRATOR 

LIMIT 

CONTROL 

Longitudinal 

Velocity 

T u a c 

Ku 

K I 

u 

UILM 

ULLM 

Lateral Velocity 

T v 



VILM 

VLLM 

Vertical Velocity 

T *ac 

*h 

R Ih 

HDTILM 

HDTLLM 

Roll Attitude 

T P 

s 

K I« 

PHIILM 

PHILLM 

Pitch Attitude 

B 

K e 

Ki 0 

THEILM 

THELLM 

Yaw Rate 

B 


K i; 

♦ 

RILM 

RLLM 
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1. Control Loop Activation and Trim Control 


The user has the option of deactivating one or more of the control 
loops. This can be viewed as setting the proportional gain fo zero. 
However, the Integrator remains, as it serves to provide the trim com- 
mand to the control surface. In the longitudinal velocity control loop, 
for example, the computed trim value of u c (see Section 10) is the ini- 
tial condition placed on the Integrator. With the longitudinal velocity 
loop inactive, the output of the integrator remains Invariant. 

2. Limiter Function 

There are three kinds of limiting available to the user. There are 

mechanical limits on each control surface denoted by, for example, 

(0 rtP ) for the limit value on rotor collective deflection. There are 
or max 

also limits operating on the output of each of the six control loops, 
and integrator limits (see Table 4-3 for symbology). 

The mechanical limits are symmetric for all controls. For investi- 
gations of trim control power under various flight conditions, these 
limits are typically opened up to physically unrealistic values to 
insure that a trim condition will exist (see Section 10). For other 

kinds of investigations, more realistic limits might be chosen. 

With realistic levels of mechanical limiting, the choice of control 
limit can become important. It generally should be so chosen as to not 
completely saturate all affected control surfaces when these controls 
are also used for control about some other axis. For example, operation 
of the longitudinal velocity control loop should not saturate the pro- 
peller collective and the rotor longitudinal cyclics, for if this were 
to occur the only yaw contral capability remaining around zero would 
reside in the rudder. On the other hand, the control limit must be 
large enough to allow a trim to be achieved. Note that this limit is 
active in the trim function (Section 10;; if it is set too low a trim 
may not be achievable. 

The third limit in the control loop is on the integrator output. 
The operation of this limit is different from the others. When an 
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Integrator output limit is encountered, the limiter functions to remove 
the integrator input until the input changes sign. When this occurs, 
the Integrator will promptly begin to decrease below the. . mit, and pro- 
longed "hangup" at the Integrator limit is avoided. 

Choice of limit level is important here as elsewhere. Generally, it 
must be smaller than the control limit, but should be large enough to 
accommodate any realistic control trim condition. In particular, for 
trim control power studies, it might be set to unrealistically high 
levels to insure that a mathematical trim exists. Of course, in this 
case the remaining limits should likewise be set to very large values. 

E. SENSORS — CHOICE OF STATE FEEDBACKS 

The actual states being controlled depend upon the sensors chosen. 
Here too a limited number of options has been provided, as listed in 
Table 4-4. 


TABLE 4-4. SENSOR SIGNALS 


CONTROL LOOP 

STATE 

FEEDBACK 

MOTION 

VARIABLE 

RATE 

FEEDBACK 

MOTION 

VARIABLE 

Longitudinal 

Velocity 

u f 

V h (D or u a8 

“f 

a 

X 

ar. 

Lateral Velocity 

v f 

V 2 > or v as 

*f 

a Yac 

Vertical Velocity 

hf 

CO 

N— ^ 

> 

1 

hf 

Sz ac 

Roll Attitude 

4>f 

* 

Pf 

P 

Pitch Attitude 

6 f 


«f 

q 

Yaw Rate 

♦f 

• 

if or r 

— 

— 
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In parcicular f the user can select inertial speed or airspeed for 
translational velocity control. In the former case the speed is that 
measured at the hull cente. - of gravity. In the latter case, the air- 
speed sensor location affects the signal. Thus: 


[“as v a8 




(4-20) 


where Rhcv * 3 the location of the airspeed sensor relative to the hull's 
center of volume. is the speed relative to the alrmass as mea- 
sured at the hull center of volume; cv / 3R) accounts for certain 

density gradient C fects, gee Section 8. 


The user can also select between the body r is rate, r, and the 
■ 

Euler angle rate, ij>, in the yaw rate loop. 


The altitude rate signal is that .raasur.d at the hull center of 
gravity. 

The acceleration signals are given by: 


[ a x ac a yac az aJ T “ - h + (“h *= ¥h) + («h * Sh^J + x («Sh x Bh* 0 ) 


where 



(4-21/ 

(4-22) 


is the accelerometer location relative to the hull center of gravity. 

F. COMMANDS 

The control loop commands (subscript c) are a user-defined table of 
data points (subscript COM) which establish the command time history in 
each control axis. This input capability allows execution of Blmple 
maneuvers by the simulated HLA. 

The user also has a position hold option that can be used to deter- 
mine system performance in this mode of operation. The user selects 
starting (tp^) and ending (tp^) times for the position loop to be 
closed. During the time interval the command table is replaced b> a 
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position signal in font control axes where the position is measured 
relative to the point where the accelerometer was located in inertial 
space at the starting time. Following this interval the command table 
is resumed. This option is summarized in Table 4-5. 

TABLE 4-5. COMMAND SIGNALS 


CONTROL LOOP 

VELOCITY 

COMMAND 

position hold 

(tpH l < t < tpH 2 ) 

Longitudinal Velocity 

u C0M 

Kx[x(t PHl ) - Ri aC (l)] 

Lateral Velocity 

v C0M 

KyU^PHi) * Ri aC C2>] 

Vertical Velocity 

• 

h C0M 

KhMtPHj) + Ri aC (3)] 

Roll Attitude 

♦com 

0 

Pi. 'h Attitude 

9 com 

0 

Yaw Rate 

1 

♦com 

^[♦(tpHj) ~ ♦ ] 


As can be seen from Table 4-5, when the position hold feature is 
activated the HLA control loops are commanded to hold the existing head- 
ing, to zero the pitch and roll attitude, and to restore the position to 
that existing at time tpg^. The dynamics of this position hold feature 
depend, of course, on the position gains chosen, K^, Ky, K^, and K^. 

When the position hold feature is inactive, the system is a velocity 
command system in the three t. nslational degrees or freedom and in yaw; 
an attitude command system in -.i cch end roll. 
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G. CAUTIONARY REMARKS 


The integration routine used in the simulation program will auto- 
matically reduce its step size to satisfy its error criterion. Running 
costs for time histories are sensitive to this step size, which can 
become quite small under the following circumstances: 

1) Encountering a limit. 

2) Accommodating high acceleration loop gains. 

The latter will be recognized as an effective "algebraic loop." The 
simulation has been tested with these loops closed. However, for the 
configurations examined thus far, the/ are not necessary for system sta- 
bility and response. 
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SECTION 5 


AERODYNAMICS OVERVIEW 


A. INTRODUCTION 

This section presents an overview of the aerodynamic computational 
approach, and an outline of the aerodynamic disturbance and interference 
models. The detailed descriptions and equation summaries for specific 
models are presented in Sections 6 through 9. Due to the nonlinearities 
and complexity inherent in the aerodynamics of the various elements 
(i.e., rotors, hull, tail, etc.), the previous vector nocation is often 
dropped in favor of scalar equations. Computer implementation of the 
aerodynamic models is in scalar form. A somewhat cumbersome notation is 
adopted to preserve important distinctions between relative velocity 
[ ] a , airmass velocity [ ] am , airmass input source [ ] sam , discrete air- 
mass input [ ] aam , uniform steady wind [ ] w , and among vehicle elements 
(e.g., hull center-of-volume [ ] a cv , tail reference center [ ] sam c , 
etc. ) 

The simulation provides the capability to investigate problems 
generic to the HLA concept. This includes the evaluation of basic vehi- 
cle characteristics and the importance of aerodynamic and dynamic rnn- 
linearities relative to the more familiar linear phenomena. Emphasis 
was placed on determining dominant effects and obtaining gross loads and 
motions, using aerodynamic models based on uniformly valid first 
approximations to a variety of effects. Input data requirements are 
minimized to facilitate these design tradeoff studies. 

Analytical functions are used for the hull and tail loads that allow 
simulation over wide ranges of Incidence, speed, and acceleration with- 
out recourse to lookup tables. Apparent mass effects are calculated for 
both hull and tail. The rotors and propellers on the lif t/propulsion 
units (LPUs) are treated with combined momentum and blade element 
theories in the power-on condition. In the power-off (moored) condi- 
tion, they are modeled by simple cross-flow drag relations. Various 
higher order terms in the descriptions of the hull, tail, LPUs, and 
slung load have been omitted. 

TR-1 151-2-II 5-1 



ORIGINAL PAGE IS 
OF POOR QUALITY 

The aerodynamic model equations do not "self-estimate" the basic 
aerodynamic properties from vehicle geometry; they are used only to fit 
estimated or measured aerodynamic data. For example. It will be shown 
that the basic hull-alone axial force model has the form: 

X h - - J pS h C Ah Uh CV |uh CV | (5-1) 

In the simulation several parameters which are constaut for a given run 
are lumped and entered as one precomputed constant. Thus Eq. 5-1 is 
implemented as: 

v v acvlacvl /cTk 

x h * aX u|u| h ’ u h j u h I ( 5_2 > 

where 

2 cv 

u^ * Hull x-axis components of relative airspeed 

at hull center-of -volume 

Xy^ih = -(p 0 /2)S h CA h is the input constant deter- 
mined by the user 

o * p/p 0 , relative air density correction 

To make clear the basic aerodynamic models involved the derivations 
use the format of Eq. 5-1, while the simulation employs the more effi- 
cient format of Eq. 5-2. The methodology for esti >»ting these constants 
is presented in Appendix A. 

B. COMPUTATIONAL FLOW 

In keeping with the generic multibody formulation of the equations 
of motion, the aerodynamic loads are modeled separately for each of the 
LPUs, the hull-tail-structure assembly, and the slung payload. Figure 
5-1 shows the computational flow at each time step: 

1) The vehicle states are accessed from the current time 
step; these include translational and rotary motions of 
each element, local air mass motions at each element 
(steady and turbulent wind inputs), and several control 
inputs . 
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2,3) These are resolved into relative air-to-eleaent velocity 
components at each rotor and propeller hub, the LI'U 
aerodynamic center, the hull center of volume (c.v.), 
the tall reference center (usually the aerodynamic 
center of effective tail-plus-fuselage ensemble), and 
the slung payload aerodynamic center, when the payload 
is present. 

4) These kinematic relative velocities are adjusted by 
various factors or increments to account for local velo- 
city interference due to: a) hull on rotors and propel- 

lers; b) rotors and propellers on hull and tail; c) 
rotors on propellers and LPU fuselage (nacelles); and d) 
ground proximity to the hull, tail, rotors, and propel- 
lers. 

Thus the net relative or apparent air velocities are the 
vector sum: 

^relative » yinertial notion _ yinterf erence 
_ ylocal airmass 


5) Analytically efficient formulas are used to fit and 

evaluate the variation of aerodynamic forces and moments 
with each element's velocity and/or angle relative to 
the local air mass and to rotor and propeller speed. 
Interference effects which arise from changes in the 
nature of local flow (e.g., rotors introduce turbulence 
into the hull local flow) are accounted for in the 
respective element's equations. Buoyant forces are com- 
puted at the c.v. from the normal atmospheric pressure 
gradient, and horizontal pressure gradients due to 
changing wind velocities or convergent wind fields. 

6) Net hull forces at the c.v. are sunmed and transferred 

to the hull center of gravity (c.g.) along with the 

tail-on-hull forces. Only at this stage are the major 
pitch, yaw and roll stability characteristics of the 
hull and fin assembly manifested. 


*We define a positive interference or local airmass state (e.g., 
linear or angular velocity, etc.) as one which causes atmospheric motion 
along the positive body axis direction. 
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The rotor, propeller, and LPU fuselage forces are trans- 
ferred to forces and moments at each LPU c.g. for use In 
the multibody equations of motion. 

8) Outputs of the loads on the several bodies are Inputs to 
other parts of the program. 

C. ATMOSPHERIC ENVIRONMENT 

This subsection briefly reviews the background and structure of the 
aerodynamic disturbance model. The detailed development is presented In 
Section 6. 

The local alrmass velocity (superscript "am") i3 represented at each 
of several locations by a constant mean wind (superscript "w") plus 
varying components (superscript "sam"), superimposed in inertial coor- 
dinates to give the power spectra and rms levels characteristic of tur- 
bulent winds: 


yam » yw + ysam( x>y>t; ) ( 5 - 3 ) 

Local air mass motions are required at each LPU's c.g., at the tail 
reference center, and at the hull c.v. and at the slung load reference 
center. These locations are far enough apart that extrapolation of 
point gust values and gradients from a single point gives inaccurate 
results (Ref. 5-1). 

As originally noted by Skelton (Ref. 5-2) and thoroughly developed 
by Holley and Bryson (Ref. 5-3) and Etkin (Ref. 5-1), the degree of gust 
component correlation between an> pair of locations drops off as the 
space between them increases, so that at a hundred feet apart the corre- 
lations among turbulent components nearly vanishes. At smaller dis- 
tance? (on the order of aircraft wing chords, spans, and lengths) the 
correlations may be significant, but at the larger separations between 
HLA rotors, hull lengths, and cables, such correlations are considered 
negligible. For a conventional aircraft the approach is to put in gust 
inputs at wing and tail locations which are carefully chosen to yield 
"effective" gust magnitudes and gradients about the c.g., as best 
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explained by Etkin (Ref. 5-1). In the basic approach, both correlated 
and uncorrelated components must be Included to retain the isotropic 
properties of atmospheric turbulence. 

Here, a simpler extension of these concepts was adopted; the hull is 
treated as a spatial averager of gusts which are input at four points 
around a meridional plane (Fig. 5-2). The point locations are selected 
as a compromise to be close to the rotor hubs, tail reference center, 
and hull's effective length (like the effective span of a lifting wing). 
The hull, tail, and each LPU effective local airmass velocity is taken 
as the mean wind plus appropriate weighted average among the four input 
locations. Hull and tail airmass time derivatives are computed from 
numerical differentiation of these velocities. 

The effective gradients (3u am /3x, etc.) along and across the hull 
are computed as the linear gradients among the four input points; this 
gives a lower "effective" hull gradient than the local gust gradient at 
a point, as it should (Ref. 5-1). The four-point meridional gust model 
yields six planar spatial gradients at the hull c.v. (none with respect 
to height), which give rise to effective gust rotation terms and airmass 
acceleration terms. There are six more at the tail reference center. 
The airmass acceleration terms (spatial and time dependent) give rise to 
unsteady ("apparent mass") loads on both the hull and tail and to buoy- 
ancy terms on the hull. The atmospheric velocity inputs must not 
include steps as these generate extremely large accelerations in the 
simulation when the derivative is computed; the velocity rate of change 
is theoretically infinite. 

For simplicity, the atmospheric disturbances are calculated at the 
LPU center of gravity and are not modified to account for the various 
spatial velocity gradients across the individual LPU components. This 
point approximation is justified because of the small dimensions of the 
LPU compared with the large dimensions of the gust source distribution 
and the hull. This assumption allows considerable simplification of the 
aerodynamic models of the individual LPU elements, as well as a reduc- 
tion in the number of required aerodynamic disturbance input states. 
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Source- 1 


Figure 5-2. Atmospheric Input Model 

The venicle atmospheric model requires a set of twelve inertial 
velocity component time histories (u sam , v 88 ™, w 8881 at the four input 
source locations) to be defined ahead of time. For computational con- 
venience, the input points translate (but do not rotate) with the hull. 
This scheme allows the use of actual recorded gust records (e.g., from 
ground-based meteorological towers) in order to simulate more precisely 
the peculiar patchiness which is characteristic of ground winds but is 
otherwise difficult to simulate realistically (Ref. 5-4). The precom- 
puted inputs can contain both correlated and uncorrelated gust velocity 
components. They may also emulate discrete disturbances or steady 
gradient conditions (converging wind field) by appropriate user input 
selection. 

The local airmass velocities at the slung load are input as a addi- 
tional separate set of linear velocity components and velocity gradients 
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at a fifth source point. These are similarly expressed in inertial 
coordinates, which are then resolved into payload. coordinates. 

User-selected scale factors allow the defined wind velocities at the 
five source locations to be amplified or attentuated to arbitrary Inten- 
sities. 

The time dependency of the gust inputs (Eq. 5-3), which gives rise 
to the important (hull and tail) airmass acceleration effects, is not 
common to conventional aircraft analysis. For example, neglecting 

higher order terms, the total relative axial airmass acceleration may be 
written as (Ref. 5-1): 

Du am 3u am 3u am &u am /r 

sc ■ — +u “ +v ^ir <5 ‘ 4) 

where the relative velocities with respect to the airmass are given by: 



The so called "frozen field" or "Taylor's Hypothesis" assumes that the 
time partial derivative (3/3t) may be neglected compared to the spatial 
dependency (3/3x, 3/3y) for most flight conditions under the restriction 
(Ref. 5-1): 

u a/ u am > 1/3 

However, for low-speed LTA vehicles, where "nearly convected" flight is 
possible (u ■ u am ), so u a » 0 , the frozen field assumption is inappro- 
priate. Therefore, both time and spatial dependencies are retained in 
Eq. 5-3. 

This multiple-point gust source approach is much more correct and 
versatile than the conventional aerodynamic disturbance input scheme 
(single-point gust source with extrapolated gradients). The oaission of 
some small terms (e.g. second order terms in Eq. 5-4) should not deter 

*The z-gradients are missing due to the assumed planar (two dimen- 
sional spectrum) model and are felt to be of small effect (Ref. 5-1). 
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its usefulness. It Is felt that this four (five if the payload is pre- 
sent) point wind input model can effectively simulate nearly all of the 
wind conditions faced in normal hovering and cruising operations. 

There is also a provision in the simulation for discrete (test) 
Inputs to be applied to specific isolated vehicle elements (e.g., hull, 
tail, LPUs). These inputs are of a (1 - cosine) form and allow the user 
to excite the vehicle elements with disturbances of known ^^gnituJe and 
direction (l.e., no spatial interpolation is computed). This is espe- 
cially helpful in preliminary assessment of closed loop response to 
vehicle (and payload) excitations. 

D. AERODYNAMIC INTERFERENCE EFFECTS 

A major objective of the presen- effort was to represent the vari- 
ous aerodynamic interference effects. Some limited wind tunnel data 
Ref. 5-5 suggest significant nonlinear rotor/hull interactions, not 
considered a problem in classic airships. Additional hull/ground and 
rotor/ground interactions have been documented in a number of references 
(e.g., Refs. 5-8 and 5-9). 

The effort focused on reviewing the available literature, completing 
additional numerical experiments, and finally formulating models which 
could capture adequately the first order effects. Extrapolation and 
generalization, based on first principles (e.g. potential flow solu- 
tions, linear single dependency models, etc.), allows simulation over 
all ranges of speed and incidence without recourse to look-up tables or 
iterative algorithms. The resulting models are simple analytic func- 
tions of the dominant parameters (e.g. ground height, rotor thrust, 
etc.) All equation constants are input data in the simulation to allow 
incorporation of configuration dependent experimental data. 

The interference effects may be categorized according to two basic 
types: 

A) Velocity Interference - The physical mechanism is 
a change in local airmass mean velocity magnitude 
and/or direction. 
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B) Flow Property Interference - The physical mech- 
anism is a change la the nature of the local flow 
(e.g., turbulence level, wake distortion). 

The various interference effects are tabulated below according to 
these two types with references to available wind tunnel data. Some of 
these effects generate both kinds of interference. 


A) 

VELOCITY INTERFERENCE 

B) FLOW PROPERTY 

INTERFERENCE 

REFERENCES 

1) 

Hull on Rotor, Pro- 
peller, LPU-fuselage 

Hull on Rotor and 
Propeller 

5-5, 5-6 

2) 

Rotor and Propeller 
on Hull and Tail 

Rotor and Pro- 
peller on Hull 

5-5, 5-6 

3) 

Rotor on Propeller 


5-7 

4) 

Rotor and Propeller 
on LPU-Fuselage 


5-7 

5) 

Ground on Hull, Tail, 
Rotor, Propeller 

Ground on Hull 

5-8, 5-9, 
5-10, 5-11 


A brief explanation of the dominant source for each interference effect 
follows: 

1. Hull on Rotor, Propeller, LPU-Fuselage (Section 7). The 
immersion of LPU within the hull wake causes a reduction 
in the local velocity of the rotor, propeller and LPU- 
fuselage (Type A). In addition, the local hull wake tur- 
bulence causes a reduction in the rotor and propeller 
blade lift effectiveness (lift curve slope) which tends to 
reduce thrust capability (Type B). 

2. R otor and Propeller on Hull and Tail (Section 8). The 
main effects are due to the hull and tail being sucked 
toward the rotors' and propellers' effective "sink." If 
all are thrusting eqi lly, a net downward force (for LPUs 
below hull centerline) will result from the sinks' down- 
ward induced velocity (Type A). There will also be a for- 
ward and downward velocity increment at the tail due to 
this "sink" ef f ect (Type A). 
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In addition, the shedding of rotor and propeller vortices 
into the hull relative free-stream causes an increase in 
local turbulence, realized by an associated increase in 
the hull crossflow drag coefficient (Type B). The typical 
HLA geometry makes this latter effect negligible in the 
case of the tall. 

3. Rotor on Propeller (Section 7). The operation of the pro- 
peller within the downwash field of the rotor causes 
changes in the propeller local free-stream velocity 
(Type A). 

4. Rotor and Propeller on ' PU-Fuselage (Section 7). The 
rotor and propeller wash over the LPU-fuselage, as above, 
changes the relative free-stream velocity (Type A) 
Increasing the power requirements for most flight condi- 
tions. 

5. Ground Effects on All Elements (Sections 7, 8). S«. eral 

complex ground interactions affect the performance of the 
hybrid airship. The dominant effects include hull flow 
rotation (Type A), hull wake contraction (Type B), ground 
induced (reflection) velocities on the rotors and propel- 
lers (Type A), tail downwash restriction (Type A), w* 
tail lift curve slope improvement (Type B). 
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SECTION 6 


ATMOSPHERIC ENVIRONMENT 


This section describes the models of the atmospheric environment and 
presents the pertinent equations. 

A. MODEL TYPES AND SASIC ASSUMPTIONS 


Three distinct models of the atmospheric environment are used simul- 
taneously in order emulate a variety of conditions 

1) Steady wind 

2) Discrete (1 - cosine) gust inputs 

3) Multiple-source interpolation model 

There are several fundamental differences in the assumptions asso- 
ciated with each of the above models. The following discussion outlines 
these basic differences as an overview for the detailed discussion of 
each of the three models . 

1. Steady Wind . The steady wind is specified by the user 
according to its three components in the inertia' Refer- 
ence axes. The steady wind is assumed to be cons cant with 
respect to the inertial (nonrotating) frame and is con- 
tinually transformed into the coordinate systems of the 
various elements (e.g., hull, tail, LPUs, and slung load). 

This model is used in calcv .ation for all phases of the 
simulation (trim, stability detl'at ves, and time history 
calculations). The steady win.' contributes to the air 
mass acceleration, relative to the hull and tall, due to 
the inertial rotation of the vehicle. This relative 
acceleration contributes significantly m the unsteady 
("a^arent mass") loads on the hull and tail. 

2. Discrete (1 - cosine) Inputs. These iciuts, which are 
intended for test purposes, act on isolated vehicle ele- 
ments (e.g., hull only, tall only, load only, etc.). They 
provide a means to excite specific vehicle elements with- 
out spatial interpolation co the remaining elements. 

These test inputs are assumed to translate and rotate w 1 n 
the vehicle. In this way, the value of the airman velo- 
cities relative to a specific element is directly s*. i 1- 
able by a user. Unlike the steady wind or 4 point model, 
these inputs are given in coor ' ■'tes of each element's 
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local reference axis system. Analytical time derivatives 
of the (1 - cosine) gust velocities are calculated in 
order to obtain body axis (i.e., relative to the rotating 
frame) linear and angular accelerations. The (1 - cosine) 
function is also used in order to specify test values of 
the spacial gradients (3u/9x, 3v/3y, etc.), allowing for 
the excitation of individual buoyancy and unsteady 
("apparent ma^s") terms. 

3. Multiple-Source Atmospheric Input Model . The justifica- 
tion for this model was described in Section 5, Subsec- 
tion C. As noted, the user inputs groups of three linear 
velocities at each of four vehicle input locations, and 
three linear and three angular velocities a,. the fifth 
(.payload) location when the payload is present. These 
input data are interpolated for the current simulation 
time and are multiplied by user-provided scale factors. 

The four vehicle input points form a rectangle whose 
dimensions are also user selected. This four-point grid 
is laterally symmetric, with respect to the hull x-z plane 
of symmetry. The fifth gust input point is located at the 
payload ’ynamic center and is distinct from the four 

point veh model. 

All of the velocity inputs in the Multiple Source Point 
Atmospheric Input Model are in coordinates of a non- 
rotating inertially oriented frame, which translates but 
does not rotate with the vehicle. Spatial and time inter- 
polation is used to obtain all the necessary velocity 
gradients and accelerations at the various aerodynamic 
reference centers (e.g., hull center volume, tail refer- 
ence center, LPU centers of gravity, slung payload aero- 
dynamic reference center). Since the gust input veloci- 
ties in this model are assumed to be in a frame which is 
non-rotating, the calculated time derivatives will be with 
respect to the inertial reference frame. All of the 
resulting velocities and gradien' vectors are transformed 
in to the local element axis systems (i.e., hull, LPU, and 
payload). 

The following subsections present detailed discussions and equation 

derivations for the three atmospheric environment models outlined above. 

B. STEADY WIND MODEL EQUATIONS 


The user selected steady wind vector, Vj, is inertially referenced. 
The various locally referenced vectors are: 
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Yh " L hlYl 

w w 

Yi - HiYi 

w w 

Yp - LpiYi 
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( 6 - 1 ) 


(6-2) 


(6-3) 


w 

The time derivative of Vjj, with respect to the rotating hull body 
axes (needed later for unsteady aerodynamic calculations) is: 

Yh - Yh - (a - Yh) (6-4) 

Since the steady wind is fixed in magnitude and direction. 


•w 

Yh 


* o 


so, 


o 

w 

Yh 


w 


= - ih x Yh 


(6-5) 


• w 

We note that uj^ = 0 (inertially fixed) so 

0 


o 

w 

a* 


(6-6) 


C. DISCRETE TEST INPUT MODEL 

The discrete test input model allows the isolated excitation of 
local airmass states, without spatial interpolation to the remaining 
vehicle states. These dif crete test inputs have the common (1 - cosine) 
form (shown in Fig. 6-1): 

8 ■ Umax/ 2 )! 1 _ cos[2*(t - ti)/(l 2 - tj)]) (6-7) 
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g - one of Che 48 discrete local airmass input 
states (all are denoted by the superscript 
"dam" * discrete airmass) 


g mav . * maximum value of g 

Ilia X 

t ■ present simulation time 

t^ * start of (1 - cosine) disturbance 

t2 * end of (1 - cosine) disturbance 

The following 36 local airmass states accessible by the discrete 
input model are as follows: 


1) Hull States (9) 


Linear and angular local air- 
mass velocity vectors at the 
hull center of volume (cv) 

Auxiliary* hull gradients 


„dam cv dam cv 
¥h » !Ai 


. dam cv „ dam cv 

3“h 3uh 

3x * 3y 


. dam t 
5v h 

ay 


2) Tail States (9) 

Linear and angular local air- 
mass velocity vectors at the 
tail aerodynamic reference 
center (t) 

Auxiliary tail gradients 


„dam t 

¥h 


dam t 


„ dam t 

3“h 

3x 


. dam t 

3 u h 

3y 


a dam t 
9v h 

3y 


3) LPU-States (12) 

Linear local airmass velocity vf 
vector at the LPU-center of 
gravity locations (i), for each 
of the LPUs; i * 1, 2, 3, and 4 


*The term "auxiliary" is adopted when referring to v ha nonstandard 
airmass gradients 3u/3x, 3u/3y, 3v/3y. 
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4) Payload States (6) 
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dam pc 

Linear and angular local velo- Vp 
city vectors at the payload 
aerodynamic reference center 
(pc) 


dam pc 

a* 


An additional 12 inputs arise from the hull and tail local airmass 
linear and angular acceleration vectors 


(»S“ cv , 


dam cv 
“h 


„dam t dam t 
¥h » “h 


These are needed for ':he aerodynamic calculations (unsteady and buoyancy 
effects), and are calculated using: 

8 “ ["Smax/ta ~ *l)] sin [2*(t - - tj )] (6-8) 

A plot of Eq. 6-8 for a typical g(t) is shown in Fig. 6-1. 

D. MULTIPLE SOURCE ATMOSPHERIC INPUT MODEL 

The geometric orientation of the four point vehicle (rectangular) 
input grid is shown in Fig. 6-2. The vehicle input sources (sl-s4) are 
looted relative to the hull center-of-volume (c.v.) by the user sup- 

£ ^ j 

plied scalar quantities R x , R x , Ry. The sources are assumed to be posi- 

if T 

tloned in a laterally symmetrical fashion so, Ry = -Ry. The payload 
input scarce is located at the user selected payload aerodynamic refer- 
ence center (Rp C ). 

The tail aerodynamic reference center is located relative to the 
hull c.v. by the scalar quantity R^ (= Rh L (l) ~ 5h CV (^)* shown in 
Fig. 6-2. Finally, the center-of-gravity of each LPU is located rela- 
tive to the hull center of volume by the two scalar quantities R x - Ry; 
where 
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Figure 6-2. Geometry for Atmospheric Input Model 


R x = Rh^o - Lhi R i h a) - R h cv u) 

Ry = s|j i (2) - L hi Ri h (2) - rS CV (2) 


and i * 1,2,3, and 4. 


The spatial interpolation scheme outlined below allows the calcula- 
tion of the (3G) local airmas.. vehicle states and (6) local airmass pay- 
load states (all with superscript "sam" - stationary airmass). The 4 
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vehicle input sources are denoted by superscripts ("sl-s4") and the pay- 
load input source by superscript ("s5"). 

1) Four vehicle input source vectors in hull coordinates 

(vg 1 . vg 2 , vg 3 , vg 4 ). 

The four vehicle input source vectors appropriate to the 
current simulation time (t) are obtained by time interpo- 
lation, amplitude scaling, and coordinate transformation 
of the user supplied data files. For example. 


vg 1 

where *** 

vf 1 

ana 


LhlY ! 1 


Mh 


Yi 1 t + (t _ to) 


( xr s 1 ,,sl 

5:1 ojjf t 0 \ 

M - to / 




Y? 1 


(6-9) 


( 6 - 10 ) 


denote the user supplied vectors for input source si 
appropriate to simulation time t Q , t ^ ; respectively. 

M. is the user supplied scale factor. Equations 6-9 

n s2 s3 

and 6-10, similarly, are used to calculate Yh » Yh » 

V? 4 

ih • 


2) Hull local airmass linear velocity vector at the cen- 


ter of volume ( V^ am cv ) 


Yh 3 ” 1 cv - Yh + (xh)(Yh - Yh) 

(6-li) 

where, 


Yh * (Yh 1 + Yh 2 )/2.o 

(6-12) 

Yh - (Yh 3 + Yh 4 )/2.o 

(6-13) 

x h “ [- R v/(R X "* R x)l 

(6-14) 
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3) Hull local airmass angular velocity vector at ;he center- 
of-volume 


aam cv 

3wh 

3y 


* 


sam cv 


sam cv 
-3wh 


ax 


(6-15) 


sam cv 
a vh 

ax 


j 


where, 


sam cv 
3w h 


37 


( w h - w h)/y s 


(6-16) 


sam cv 

— ^ =■ (wh - w^)/x s (6-17) 


sam cv 

" ( v h ~ Vh)/x s (6-18) 


*The lnterpc d rotary 
theoretically ^ °~ i ), ''iz., 

CV (3rd component) : 

The 3u/3y term has negligible effect on the yaw race quasi-steady aero- 
dynamics (Section 8) and is dropped from the yaw gust Eq. 6-15 (third 
component), but is retained explicitly for lateral buoyancy calcula- 
tions. The z-gradients are missing due to the assumed planar input 
model and are felt to be of small effect. 


airmass components each have two terms 


sam cv sam cv 
sam cv _ 3^ 3u h 

= ^ = 3x " K / 
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l 


r 

“h 


Uh 

l 


r 

vh 

- 

» Yh = 

vh 

t 


r 

"h 


w h 


f 


a 

u h 


u h 

f 

..a _ 

a 

ni 

» Yh 5 

v h 

f 


a 

Wh 


L“ h j 


where 

Zh - yf +x h (v£ 3 -\£ 1 ) 

Vi = Yh 2 + xh(Yh 4 - Yh 2 ) 



Yh 


are given in Eqs. 


6-12 v 


6-13, respectively and. 


x n is given in Eq. 6-14. 


y s 



x 8 



as shown in Fig. 6-2. 


(6-19) 

( 6 - 20 ) 

( 6 - 21 ) 

( 6 - 22 ) 
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sam cv 
3x 


( u h * u h)/ x s 


(6-23) 


sam cv 

3u h f r Z>i , 

^ ” (uh ~ u h J/y 8 


(6-24) 


sam cv 

3 v h r r £ w 

3y “ C v h ~ ’’hj/ys 


(6-25) 


5) Tail local airmass linear velocity vector at the reference 
center 


Vh am C * (Yt + Ylt)/2.0 (6-26) 

where 

Yt - Yh 1 + ( x t)(Yh 3 - Yh 1 ) (6-27) 

Yt - Yh 2 + ( x t)(Yh 4 - Yh 2 ) (6-28) 

and 

Xt - (4 - Rx)/(Rx - 4 ) (6-29) 


6) Tail local airmass angular velocity vector at the refer- 
ence center 
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sam 

3y 


c 


sam t 
<Sh 


sam 

■3wh 


3x 


where 


sam 

3vh 


3x 


. sam t 
3wh 

3y 


( w t - w t)/y fi 


(6-30) 


(6-31) 


. sam t . sam cv 

3w h 3*h 


3x 


3x 


From Eq. 6-17 


(6-32) 


. sam t 
3x 


. sam cv 

3vh 

3x 


From Eq. 6-18 


(6-33) 





l 


r 


u t 


^t 


i 

„r _ 

r 

= 

v t 

. It = 

vt 


l 


r 


w t 


w t 


- 


. 


As in Eq. 6-15, only the first order terms are retained. 
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v{, v[ are given in Eqs. 6-27, 6-28 respectively. 


7) Tail local airmass auxiliary gradients 


, sam t 

3“h 

3x 


sam cv 

3 u h 

9x 


_ sam t 

3uh 

3y 


(u? _ u t)/y s 


a sam t 

5 V~ " 


(6-34) 


(6-35) 


(6-36) 


8) Local airmass linear velocity vector at the LPUs' centers 
of gravity (v| am i , i » 1, 2, 3, 4). 

For illustrative purposes, the equations pertaining to 
LPU-3 are given below. Equations for the remaining LPUs 
are obtained by direct resymbolllng (i-a., replace sub and 
superscript "3" with the appropriate LPU number) of the 
following equations. 

¥3 * L 3h¥h (6-37) 

where 

¥h“ m 3 ■ ¥3 + (y3)(X3 " ¥3) (6-38) 
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Y3 - Vh 1 + (*3)(Vh 3 - Xh 1 ) 
X3 - Jh 2 + (i 3 )(Vh 4 - Xh 2 J 

where 

x 3 “ (&x “ ^x)/(®x ~ ®x) 

y 3 m ( ®y - % J / 1 Ry ~ Ry ) 


(6-39) 


(6-4t) 


(6-41) 


(6-42) 


9) Local airmass linear and angular velocity vectors at the 
payload aerodynamic reference center 


„sam pc 
-P 


L pivf 5 


(6-43) 


sam pc 
2P 


L ol«I 5 


(6-44) 


where 

Vf 5 , wf"* are the payload input source vectors, appropriate to 
the current simulation time, t. These are obtained from 
Eq, (6-10) with vf 1 replaced by and and Mj replaced 

by My p and M^, respectively. 
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10) The linear and angular acceleration vectors for the hull 
and tall (required for the aerodynamic calculations) are 
evaluated numerically with the following central differ- 
ence approximation: 


•sam cv 

Yh 


•sam cv 
<Ax 


1 rtr Sam CVl 

2 (At) L - h | t+At 


1 r sam cv 
2( At) ^ t+At 


sam cv 1 i 
Yh |t-At i T hl| t 

sam cvl i T 

»> )t-AtJ L hllt 


(6-45) 


(6-46) 


where At 


0.C001, and similarly for V^ am w 


K. SUPESPOS 1TIOF OF THE STEADY WIND, DISCRETE, 
AND MULTIPLE SOURCE MODELS 


The three atmospheric models descr : bed above are superimpose 1 to 
allow flexibility of disturbance scenarios. The 36 local airmass velo- 
city states are given by: 

I.) Hull States (9) 


„31 CV 

Yh 


W 

Yh 



CV 


sam cv 

Yh 


(6-47) 


am cv 

2h 


dam cv , sam cv 
SSi + 2h 


(6-48) 


. am cv 
3u h 


dam cv „ sam cv 
3u h 


3x 

3x 

+ 

bx 

. am (./ 
3u h 

. dam 
3u h 

CV 

asm cv 
3u . 

3y 

3y 


3y 

_ am cv 

3^ 

dan. 

<;vh 

cv 

. sam cv 
3v h 

3y 

3” 


r.y 


(6-49) 


(6-50) 


(6-51) 
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2) Tail States (9) 


,.am t ,.w ..dam t „sam t 

Yh * Yh + Yh + Yh 


(6-52) 


am t 

SSh 


dam t , sam t 

Si + JSh 


(6-53) 


. aa t 
3x 


_ am t 

3u h 


dam t „ sam t 


3y 


. am t 

3vh 


3y 


3x 

— + 

3x 

_ dam 

t 

„ sam t 

3% 


3u h 

3x 


3x 

„ dam 

t 

. sam t 

3vh 

— + 

3vh 


3y 


3y 


(6-54) 


(6-55) 


(6-56) 


3) LPU-States (12), i - 1, 2, 3, 4. 


..am i X7 w dam i „sam i 

Vi * li + li + Xi 


(6-57) 


4) Payload States (6) 


am pc 
-P 


v“ + v* m pc + V* 3 - pc 


(6-58) 


am pc 

2p 


dam pc , sam pc 
Sp + ^P 


(6-59) 


« 
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The 12 hull end cell locel elrmess eccelereclon stetee ere taore com- 
plex. As will be shown later, Che aerodynamic loeds on Che hull end 
cell due co elrmess eccelereclon mey be caCegorlsed eccordlng Co cwo 
cypess 

e Hull and Call unsceady ("apparent mess") loeds — 

Chese depend on body exls (l.e., relative Co 
roCadng reference frame) eccelereclon: 

°am cv °am cv Pam C °am C 

Yh . iPh » Yh » Sh 

e Hull "buoyancy" loads — Chese depend on Che 
lnerclal (l.e., relacive Co non-roCaClng refer- 

• SB CV 

ence frame) linear acceleraCion, 

The correspondence between time derivatives calculated in rotating 
and n^n-rotating frames of reference Is: 


6h " & + (ah * 6 h ) (6-60) 

where 


dh 

is a general vector (e.g., 
hull coordinates 

„am cv am 

Yh . 

*) In 

6h 

denotes 

time derivative 

calculated 

with 

respect 

to inertial (non-rotating axes) 


o 

Ah 

denotes 

time derivative 

calculated 

with 

respect 

to rotating (l.e., 

hull reference) 


axes 




“h 

is the 

body axis angular velocity vector 



Recall that the steady wind and multiple source input model are iner- 
tially based, while Che discrete test input model is body exls based. 
Making use of Eq. 6-60 and the previous results, Che required linear 
acceleraclon vectors are: 

Pam cv f „w-. pdam cv ; r sam cv , „ ,,sam cv-, ,, 

Vh - - (wh x Yh) + Y h + V h - (<Sh * Yh ) < 6_61 > 
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°am cv ,,.w , _,sam cvs . °dam cv , *saa cv ,, ,,, 

Yh " " Sh * (Yh + Yh J + Yh + Yh ( 6 - 62 ) 

•am cv f.dam cv , dam cvn , *sam cv ,, 

Yh * Yh + USh * Yh J + Yh (6-63) 

Likewise, Che required tail acceleration vector is: 

°am t , w , „sam t^ , °dam t , *sam t . 

Yh - * !* * (Yh + Yh J + Yh + Yh (6-64) 


The required angular accelerations are similarly obtained: 


°am cv 
“h 


°dam cv , .sam cv r sam cv> 

“h + “h * (<Sh x “>h J 


(6-65) 


°am t 
“h 


°dam t , .sam t 


fih 


Bh 


r sam t-i 

~ L«Sh * Bh J 


( 6 - 66 ) 


The higher order angular terms for the tail are ignored compared to the 
hull, giving: 


°am t °dam t , .sam t 
Sh ™ Bh + Sh 


(6-67) 
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SECTION 7 


LIFT PROPULSION UNIT AERODYNAMIC FORCES AND MOMENTS 
A. BASIC ASSUMPTIONS 

Each Lift Propulsion Unit (LPU) can be considered as a modified 
helicopter having a main lifting rotor, a horizontally thrusting propel- 
ler, and a fuselage (nacelle). The rotors and propellers are driven by 
one or more turboshaft or functionally equivalent engines. The engines 
are assumed to maintain constant (user selected) shaft angular speed, 
separately specified for each rotor and propeller. 

Without loss of generality, the main rotor shaft Is assumed to be 
directly parallel to the LPU z-axls. When the LPU glmbal angles are 
zero, the LPU reference axes are parallel to the corresponding axes of 
the hull, and the main rotor shaft (the nominal rotor thrust vector) Is 
directed vertically upward. The propeller shaft and turbine exhaust 
axis (Sec. 3E) are oriented at arbitrary angles relative to the LPU 
reference axis system. 

This section presents models for calculating forces acting on the 
LPU due to the main rotor aerodynamics, propeller aerodynamics, and the 
LPU fuselage (nacelle) aerodynamics. A variety of Important aerodynamic 
Interference effects among the hull, ground, rotors, propellers, and LPU 
fuselages are modeled. Additional equations model the forces and 
moments on the LPU for a power off mooring condition. 

The organization of the following subsections follows that of the 
calculation sequence In the simulation program. First the relative 
velocities with respect to local alrmass at the LPU center of gravity, 
rotor hub, propeller hub, and LPU-fuselage aerodynamic reference center 
are all calculated based on the kinematic motion of the vehicle and the 
local alrmass velocity as determined from the atmospheric environment 
model. These elemental velocity vectors are adjusted for hull blockage 
of the LPU relative free stream according to a (1 - cosine) function of 
the local flow angle at each element. The elemental velocities are then 
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resolved Into the coordinates appropriate to each element, e.g., rotor 
control-wind axes. 

The rotor thrust is determined from the collective pitch setting and 
relative flow conditions. Including the effect of ground proximity and 
hull wake turbulence interferences. An auxiliary calculation of the 
rotor mean lift coefficient and angle of attack Is completed in order to 
check the validity of the linearized aerodynamic assumptions employed 
throughout the rotor and propeller models. The rotor flapping and con- 
ing angles are calculated from the thrust coefficient, blade collective 
pitch, and remaining dependent rotor states. These angles allow the 
calculation of the horizontal force, lateral force, and torque coeffi- 
cients and required engine power, thereby completing the rotor calcula- 
tions for one LPU. This procedure is then repeated for the remaining 
three LPUs. 

As earlier noted, propeller operation with the downwash field of the 
rotor causes changes in the propeller local freestream velocity. At 
this stage, corrections are made to the propeller local velocity based 
on the rotor operating conditions. The propeller thrust and related 
operating conditions are calculated using the rotor algorithm. As with 
the rotor, the propeller thrust calculations include the effects of 
ground and hull interference. The coning and flapping equations are 
Ignored because the propeller is rigid and nonarticulated. The propel- 
ler calculations are repeated for the remaining three LPUs. 

The results of the rotor and propeller calculations are used to 
adjust the relative freestream velocity of the LPU fuselages to account 
for rotor and propeller interference effects. Once the adjusted free- 
stream velocity vectors for each of the LPU fuselages have been deter- 
mined, the associated forces and moments are calculated based on simple 
cross flow models. 

The final set of equations in this section model the forces and 
moments on the LPUs for the pow * off moored flight condition. Here all 
interference effects are neglected except those due to hull blockage of 
the relative freestream velocity. 
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The rotor transformations, force and moment equations, and computa- 
tional algorithms are presented in the following subsections in detail. 
The propeller calculations reuse the Identical rotor equations with 
minor simplifying exceptions; so the propeller equations will not be 
explicitly presented in the text. The rotor variables in the output 
listing carry the subscript, r; the propeller variables carry the sub- 
script p. Neither subscript is used in the development except where 
necessary to differentiate between rotor and propeller. 

B. VELOCITIES RELATIVE TO LOCAL AIRMASS 

The main rotor, propeller, and fuselage (nacelle) aerodynamics all 
depend upon the LPU velocity relative to local alrmass. This local 
relative alrmass velocity is determined from the kinematic motion of the 
particular LPU as well as outputs from the acmospheric disturbance 
models. 

The basic (non-interference) local alrmass velocity at the ith LPU 
center-of-gravity, V* m *, is given by Eq. 6-57. Following the. sign 
convention adopted for air mass velocities (Section 5, Subsection B), 
the basic LPU c.g. velocity relative to the local alrmass is give i by: 

V? - Vj - vf" 1 (7-1) 

■ [“a. Va. “all ( 7_2 > 


The angular velocity relative to the local alrmass is given by: 


a am 1 

Si - 21 “ Si 


(7-3) 


Recalling that the 
alrmass at the LPUs are 


angular velocities and gradients of the local 
neglected ( u^ m * HO): 


a 

u>i " u>i 


(7-4) 
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ip 

The position vectors, locating the rotor hub (Rj ), propeller hub 
(Ri P ), anc * fuselage (nacelle) aerodynamic center (Rj^), with respect to 
the LPU c.g. reference axis, are shown in Fig. 7-1 • The relative velo- 
cities of each isolated LPU element are determined from this figure and 
Eqs. 7-2 and 7-4:* 


Vf r 

» vf + 

(“i * £i r ) 

(7-5) 

A r 

- “i 


(7-6) 

Yi p 

* Yi + 

(“L x 5i P ) 

(7-7) 

Ojf P 

* «i 


(7-8) 

Yf f 

“ Yi + 

(“i * 5i f ) 

(7-9) 

A f 

* “i 


(7-10) 


C. HULL ON LPU VELOCITY INTERFERENCE 

The hull interferes with the various LPU elements (rotor, propeller, 
and LPU fuselage) due in part to the blockage (shadowing) of the LPU 
relative freestream. Experimental data on this interference effect is 
limited and somewhat anomalous, but seems to bear out thrust decreases 
related to the blockage (shadowing) of the LPU freestream due to the 
effective hull wake (Refs. 5-8, 7-5). A major problem in modeling this 
interference effect is the definition of the wake region and its block- 
age effect because of the complex three dimensional flow geometry. This 
problem is especially complicated for combined translational and rota- 
tional motions of the vehicle. 


In order to retain the precision of the basic (nondisturbance) LPU 
models, the kinematic effects due to LPU angular velocity and LPU ele- 
ment spatial separation are retained. 
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Figure 7-1. Geometry for Lift Propulsion Unit (LPU) 

The basic model for hull on LPU velocity interference is presented 
first. This model is applicable to pure vehicle translation with no 
inertial or relative rotational velocity effects. All of the vehicle 
elements experience the relative freestream from the same direction, 
thereby simplifying the wake geometry. This model is then elaborated to 
account for translational and rotational motion. Here, the hull wake 
can be shed in different directions along the length of the vehicle. 

1. Hake Model for Pure Translational Motion 

Here it is assumed that the hull wake is shed in a downstream direc- 
tion colinear with the hull center-of -volume freestream velocity vector 
(¥h CV j* The wake geometry for pure translational motion is shown in 
Fig. 7-2. The orientation of the hull shed wake is determined by the 
two relative flow angles, 0 and X. The first angle (0) locates the 
effective hull direction in the x-y plane of symmetry of the hull. 
The second angle (X) locates the relative direction of the effective 
hull wake in the y-z plane of symmetry of the hull. For pure transla- 
tional motion with uniform atmospheric conditions (uniform wind with 
no turbulent components), these wake angles define the relative 
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downstream flow direction for the hull and all of the LPU elements. 
They are, in that sense, analogous to the conventional aircraft angle - 
of-sideslip and angle-of-attack parameters. However, unlike their air- 
craft counterparts, these wake angles are defined over the positive 
range of 0 < 0, X < 2* rad. These definitions reduce the complexity of 
the wake geometry calculations. 

Attenuation of the relative free stream velocity at one or more of 
the LPUs occurs when they are blanketed by the shed wake of the hull. 
Experimental results can be used to define wake angle regions (0 and X) 
for each LPU within which significant velocity attenuation for that LPU 
occurs. In the absence of adequate experimental data, these regions are 
approximated from geometrical considerations of the relative orienta- 
tion of the LPUs and the hull. The region of blockage is denoted 
separately for each LPU according to the user supplied values of the 
blockage region wake angles (01, 02 and XI, X2). An LPU is considered 
to be within the wake of the hull when the values of the wake angles 
(0 and X) are within the specified region for the LPU. 

When an LPU is within the wake blockage (shadow) region of the hull, 
an attenuation of local free-stream velocity at each of the LPU's ele- 
ments results. Thes blockage is modeled according to a (1 - cosine) 
function of the wake angle of the specific LPU within the shadow (block- 
age) region as follows: 

(V?)' - M(0 1 )M(X i )V? (7-11) 

a ' 

where (V$J denotes the LPU velocity relative to the local airmass 
after the hull wake blockage correction has been made and M is the 
(1 - cosine) defect function. 

The defect function is given by: 

M(c) - 1. + [ (Hoax ~ !•)(!- " cos u)/2.] , cl < c < (7-12) 

M(c) - 1 , { < (1 or { > (2 
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where 

u - 2w( C - C l)/(c 2 - C l) (7-13) 

and 

C - Si or X* 

Here (1 and ;2 are the starting and ending wake angles for each t and 
is the maximum velocity (blockage) defect for each c wake region 
(0 < Mmax < 1>)« Thus, * 1. implies no blockage and M max * 0. 

implies complete blockage. 

The defect function, M(c), defined in Eqs. 7-12 and 7-13 is shown in 

Fig. 7-3 for typical values of j;l, ? 2 and M^x* When the local flow 

angle (c) is outside of the assumed shadow region, the defect function 

is equal to 1 (no defect). When the LPU is completely within the shadow 

of the hull's wake, and the us*.. 4 input maximum defect (M ) is equal to 

nidx 

0, the LPUs will be operating in an effective zero relative velocity 
condition (i.e., hover). The defect functions for the 6 wake region 
and X wake regions are multiplicative (Eq. 7-11). 



Figure 7-3. Hull Wake Defect Function 
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The previous model assumed that the vehicle was In pure translation, 
and that the ambient atmospheric conditions were constant over the 
entire vehicle (i.e., uniform relative wind). Modifications to this 
model are required to account for arbltary translational and rotational 
motion. For instance, consider the case when the vehicle is experienc- 
ing pure positive yaw rotation with no relative wind velocity at the 
hull center of volume (Vh ■ 0 and rh > 0). During such motion, 

LPCF-1 and LPU-4 will be operating in the cross flow wake of the hull. 

Unlike the previous study translational case, the hull wake is shed in 
opposite directions at the front and rear of the vehicle. To account 
for arbitrary motions which are combinations of the pure translation 
case treated above and the pure rotational example, we define local wake 
angles for the eth element of the LPU as: 



sf 

. -w a e. a e- 
■ tan A [vi / ui 

) o < 

Si < 

2ir 

(7-14) 


*i 

t -lr a a, a e 
■ tan A ^Vi / Wi 

) 0 < 

*i 

2x 

(7-15) 

where df, 


are the wake angles 

at the eth 

element 

of 

each LPU, e.g. 

rotor (e 

- r) 

, propeller (e - p), 

fuselage (e 

- f) and. 



¥i e 


a e 


Vi e U) 


Vf e (2) 


Vi ft (3) 


(7-16) 


where V® e is given by Eqs. 7-5, 7-7, and 7-9 as applicable. 

This model requires the specification of 72 input parameters, e.g., 
XI, X2, 81, 62, M oax (8), ^(1) for each of 12 LPU elements. 
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For pure translational motion (i.e., uniform relative wind), the 
results of Eqs. 7-14 and 7-15 will be the same for all elements. In 
th«t case the model reduces to that of Eq. 7-11, as it should. 

The corrected velocities, (V® e ), are used in the computation of the 
element aerodynamic forces and moments. For notational efficiency, the 
prime ( )' is dropped. However, the corrected vector (Eq. 7-11) is 
implied in the following subsections. 


0. ROTOR AXIS TRANSFORMATIONS AND 
VECTOR RESOLUTIONS 


The rotor forces and moments are calculated in the "control-wind" 
axis system which is oriented by the axis of no feathering and the rela- 
tive wind. 

The control or swashplate axes are oriented relative to the LPU axes 
by a pitch angle, B^ g , in the negative sense about the LPU y-axis; and 
by a subsequent roll angle, Aj g , in the positive sense about the x-axis. 
The pitch transformation matrix is given by: 


coe Bi s 0 sin Bjj 


l B 


Is 


-sin Bi s 0 cos Bjj 


The roll transformation matrix is: 


La, 


0 cos A i 8 sin Ai { 


0 -sin Aj s cos Ajj 


(7-19) 


(7-20) 
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La 1s Lb 1s 


cos B^ s 0 

-sin Bjg sin Aig cos A^ s 

-cos A^g sin Bjg -sin Aj s 


sin B ls 

cos Bx 8 sin Ax s 
cos Bx s cos Ajg 


(7-21) 


- Lei 


(7-22) 


The usual practice in formulating helicopter forces and moments is to 
replace this matrix by its small angle equivalent (sines replaced by 
angles, cosines by unity), in which case the order of rotation is 
immaterial. The large angle form is retained here because the same 
matrix formulation is also used to describe the orientation of the pro- 
peller — much larger angles, in general. 

The LPU body axis relative wind linear and angular components are 
transformed into control axes by 

tu v v] l " L ci V i F (7 ' 23) 

[p q r ] l - L ci u>f r (7-24) 

where the superscript "a 1 * on the relative velocity components has been 
dropped for economy in notation. 

The azimuth angle of the relative wind in the plane of no feathering 
is given by 
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0 " tan”* f— ) (7-25) 

cw '■u c J 

where the subscript c has been attached to the relative velocity compo- 
nents to indicate the control axis coordinate system. The azimuth angle 
defines the ln-plane component of the rotor hub velocity relative to the 
air mass. It also defines the orientation of the "control-wind" axis 
system (subscript "cw") where 


and 


u C w 

v cw 

w cw 


A 


2 . 
U C + 


2 

v c 


0 


w c 


cos 0 CW - u c /u cw 
sin 0 CW » v c /u cw 


(7-26) 


(7-27) 


The appropriate transformation matrix is given by: 


Lcwc 


cos 0£w sin 0 q^ 0 

-sin 0 CW cos 0 CW 0 

0 0 1 


(7-28) 
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The transformation of a vector expressed in the ith LPU reference basis 
to the same vector expressed in control-wind axes is denoted by: 

2?cv “ L cwiS?i (7-29) 


where 


^cwi * ^cwd-ci (7-30) 

As with other orthogonal transformations: 

^cwi “ ^cwi = ^*icw (7-31) 

The forces and moments produced by the rotor on the LPU are computed 
in the control-wind axis system. Figure 7-4 illustrates the several 
axis systems centered on the hub. The rocor thrust, T, is directed 
oppositely to w cw and the rotor horizontal force, H, is directed oppo- 
sitely to u £W ; the definitions are analogous to the usual definitions of 
lift and drag on an airplane's wing. The rotor side force, Y, lies in 
the direction of T x H. The torques produced by the rotor on the heli- 
copter, L, M, and Q, are in the positive sense about u cw , y cw * and 

The control-wind axis forces are expressed in LPU coordinates by: 


- Licwl-H Y -T)c„ 


(7-32) 


The torques are resolved into LPU coordinates by: 



"icw 


[L M Q]* w 


(7-33) 
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Figure 7-4. Rotor Coordinate Systems 


ROTOR FORCES AND TORQUES 


The modeling of the main rotor aerodynamics largely follows that of 
7-1. The key assumptions are as follows: 

• Constant induced velocity . The rotor-induced 
velocity, Wj, n , is constant across the rotor disk, 
is quasi-steady, and is described by momentum 
theory. 

• Ground effect . As the rotor disc approaches the 
ground (within 1.5 rotor diameters), an induced 
upwash (by the ground plane) causes an increase 
in the rotor efficiency. This effect is modeled 
by momentum theory, with approximate corrections 
for non-hovering flight. 
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• Rigid, planar blades . The rotor blades are of 
untwisted rectangular planform, are rigid, and 
have a tip loss factor of unity. The flapping 
hinge is assumed located at the rotor hub, there- 
by setting the rotor torques L and M to zero. 

• Linear blade aerodynamics. Stall and compressi- 
bility effects are ignored. 

• Hull wake turbulence interference on rotor. As 

previously noted, this causes a decrease in the 
lifting efficiency of the rotor blades. This 

effect is modeled by an adjustment of the blade 
lift curve slope according to a thrust loading 
dependency. 

• Quasi-steady flapping. Only the zeroth (coning) 
and first-order flapping effects are considered 
on a quasi-steady basis, i.e., no flapping dyna- 
mics. 

• Flat-plate drag in vortex-ring state. When the 
flow through the rotor disk approaches zero, the 
model is replaced by one which represents the 
actuator disk as a flat plate. 

The rotor speed is assumed constant. 

The control inputs for the rotor are the collective deflection, 0 Q , 
and the longitudinal, B^ g , and lateral, Aj g , cyclic deflections of the 

"axis of no feathering." The remaining influences are the relative 

T T 

wind, [u, v, w] cw , the relative angular rate, [p, q, r] cw , and rotor hub 

height above the ground. 

The rotor forces and torques are defined in terms of dimensionless 
coef f iciei * a: 


H 


C H 

Y 

- pA(QR) 2 

c Y 

T 

cw 

c T 


(7-34) 
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L 


0 

M 

- pA(8R) 2 R 

0 

Q 

cw 

, C Q. 


F. THRUST COEFFICIENT AND INDUCED FLOW 


(7-35) 


This subsection and the one following it present the basic equations 
for thrust coefficient and rotor induced velocities with the necessary 
corrections for ground effects. These equations parallel those of 
Bramwell (Ref. 7-1), with ground effect corrections due to Heyson (Ref. 
7-2). The lift curve slope (a), which is affected by the hull proximity 
and thrust loading (thrust loading = thrust/disk area), is assumed known 
a priori in the following development. Subsection G presents an algor- 
ithm for making this hull turbulence correction, as well as a model for 
non-hover ground effects. 

The equations which follow represent the aerodynamics of a single 
rotor without reference to the LPU numbering system. The subscript i 
used previously is dropped.) Scalar equation forms are adopted for 
notatlonal convenience. The subscript "in" signifies rotor "self- 
induced" velocity. 

The thrust coefficient is given by: 


C T 



where the several constants are defined below: 


(7-36) 


p * Air density 

A » xR , actuator disk area 

R ■ Effective blade radius (accounts for tip loss 

factor if desired) 

o ■ bc/xR, solidity ratio; b is the number of 
blades and c the chord length 

a ■ Lift curve slope 
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The remaining variables in Eq. 7-36 are: 


a) Advance ratio, u 


M 


u cw 

OR 


(7-37) 


b) Inflow ratio, X 


»cw ~ ( w ln + Aw) 

OR 


(7-38) 


where 


w in is the rotor self induced velocity, W£ n > 0 for 
C T > 0 (i.e., thrust direction collinear with the 
negative control axis direction. Fig. 7-4). 

Aw ground induced velocity, Aw < 0 for > 0 and 
LPU upright. 


Dividing and multiplying by w^ n , 

w cw ' (GEF )w^ n 

X - — (7-39) 

where 

GEF = 1 + (Aw/w ln ) 

Heyson (Ref. 7-2) has determined the dependency of Aw/w^ n on non- 

a a 

dimensional rotor height, h (h = rotor height/rotor diameter) from 
momentum considerations. Figure 7-5 presents a plot of GEF (* ground 

A 

effect) versus h based on Heyson's results for hovering flight. Cor- 
rections for non-hovering flight conditions are made later in Subsec- 
tion G. The data presented in Fig. 7-5 can be described analytically by 
the function: 


GEF - 1 - e( h ) KGR 


(7-40) 
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Figure 7-5. Rotor Ground Effect in Hovering Flight 


where 

KGR * A user-supplied curve fit constant derived 
from Fig. 7-5 or other available data. 

The equation for the thrust coefficient neglects the effects of the 

angular velocity of the control-wind reference frame with respect to the 

* 

air mass. This approximation is very good for the low speed, low angu- 
lar rate flight conditions anticipated for the HLA where WP cw /^ « 1. 
The inertial gyroscopic effects are retained, as discussed later in Sub- 
section I. 

The induced velocity, w^ n , is given by (Ref. 7-3): 

Win " 2 P AV R (7-41) 


*The earlier omission of the airmass angular (gradient) states at 
the LPU locations is consistent with this approximation. 
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where V R is the resultant velocity of the rotor hub given by: 

V_ - Wu 2 + (w - (GEF)w. ) 2 (7-42) 

R v cw *■ cw in' 

These equations form the basis of an iterative procedure for determining 
the thrust coefficient to be described in the following paragraphs. 

1. Iterative Solution for Wf n 

The algorithm is somewhat more complex than that usually employed 
because Gj. and \ frequently approach zero in the HLA application. Rotoi. 
operation near zero thrust is typical for the thrusting rotor - : near 
hover and for the lifting rotors v'hen operating in a neutral buoyancy 
condition. The procedure involves application of a Newton-Raphson pro- 
cedure to define w in with a check to verify that the proper solution has 
been found. The initial guess to start the procedure is determined from 
a simpler set of equations applicable to the hover flight condition. 
Along the way the flow conditions implied by the successive iterations 
are monitored for proximity to the vortex ring state where the equations 
are no longer valid. In this event, the algorithm branches to a sepa- 
rate calculation of Gj and \ based on approximating the zero flow condi- 
tion by flat plate drag. 

The equations for the Newton-Raphson iteration are formulated as 
follows. Equations 7-33 (thrust coefficient) and 7-41 are combined to 
yield an expression for the thrust coefficient in terms of V R , w^ n and 
Aw: 


C T 


ZwiqVR 

(MO 2 


(7-43) 


The previous expression for and Eqs. 7-38 and Eq. 7-41 are substi- 
tuted into Eq. 7-36 on the left- and right-hand sides. When all terms 
are moved to the left-hand side there results: 
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ao8. 


v R w ln ' “nr (QR)2 “ ~ 8 


aa6 0 u 2 


CAR) 


2 aqw cw 


(GR) 


(7-44) 


ao(GEF)w4 n 

+ s ~ CnR) 


F(win) 


0 


The function F(w^ n ) is to be driven to zero by the Newton-Raphson proce- 
dure. This requires the deriva.ive of F(w in ) with respect to w in> given 
by: 


3F(w in ) 3 Vr ao(GEF)aR 

i^r- — s — 


The partial derivative on the right-hand side is obtained from Eq. 7-42 
as: 


w cw ~ (GEF)w^ n 
3«in * V R 

Upon substitution into Eq. 7-45: 


3F(v in ) (GEF ) [ (GEF )w ln - w cw ]w in ao(GEF )QR 

■*£-- Vr + T t + 5 


Equations 7-44 and 7-47 are evaluated at the chosen value of w. to 

in 

estimate the change in w^ n required to set F(w^ Q ) to zero. The itera- 
tion is repeated until the change in w^ n is reduced to some appropri- 
ately low level. The iteration requires a beginning value for w^ n . The 
initial guess is obtained as follows. 

2. Starting Value for v^ 

Assume the hover flight condition where u cw * w cw - 0. From Eqs. 
7-38 and 7-41 the thrust coefficient is determined to be: 
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2X hover 

for 

Ct, 8 0 > 0 

_2X hover 

for 

C T* 9 o ^ 0 


(7-48) 


where 

-(GEF)v ln 
* hover " jjr 

Upon substitution Into Eq. 7-36, two conditions are obtained dependii j 
upon the sign of 0 Q and C^: 


\2 

hover 


aq(GEF) 

8 riover 


ao(GEF)0 c 

12 


X? 

hover 


^oJGEFi 

8 liover 


ao(GEF)0 o 

12 


0 Cj , 0 O > 0 

(7-49) 

0 C T , 0 O < 0 


For 0 Q > 0, the first of these equations applies and takes the negative 
root. For 0 Q < 0, the second equation is solved for the positive root. 
The initial guess for w in is then given by: 


-QRXhoye r 
w in “ (GEF) 


(7-50) 


This guess is used to start the iteration procedure for determining the 
Induced velocity using Eqs. 7-44 and 7—47 with Eq. 7-37 (for y) and 7—42 
(for V R ). 

The procedure can result in convergence on the wrong root for w^ n » 
To check for this possibility, another equation for w^ n is solved using 
the thrust coefficent implied by the iterative solution. The check 
solution is developed as follows. 
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Define a normalizing velocity, U^, as follows: 


U T - «R /C t /2 C T > 0 

- -QR / -C t /2 C T < 0 (7-51) 

* ( w in) hover * out of ground effect 

Then define normalized values of w.„, w and t j2 + w 2 as follows: 

in ■ cw’ cw cw 


«ln 

■ W in/ U T 


w cw 

■ w cw/Ut 

(7-52) 

V 

* /u£ w + w£ w /u T 



Equations 7-42 and 7-43 can be combined to eliminate C^, and normalized 
to yield the following fourth-order equation In 

(GEF)2wJ n - 2(GEF)w cw Wt n + V 2 w| n - 1 - 0 (7-53) 

The coefficients of this equation are evaluated using the thrust coeffi- 
cient implied by the converged solution for w^ n obtained previously. 

Figure 7-6 shows a sketch of the positive solutions for Eq. 7-53 for 
the zero forward speed case and no ground effect (l.e., GEF - 1). Posi- 
tive w cw Is to the left , thereby maintaining the same orientation of the 
plot as shown In the usual texts (e.g., Refs. 7-1, 7-3, and others) 
where the sign convention for w cw Is In the opposite sense. An experi- 
mental solution is also sketched to indicate the differences between 
theory and experiment In region, 2 > Z cv > 0, nominally identified as 
the "vortex ring state." 
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The smallest positive root is the correct one. As can be seen from 
the sketch, solving for this root can break down In the region near 
w cw - 2 as the slope of the curve becomes Infinite. Further, In solving 
for « ln using Eqs. 7-44 and 7-47, the iterative procedure can converge 
on the wrong root If the flow conditions place the root in the windmill 
brake state. 

The sketch also shows that the difference between the theoretical 
and experimental curves in that portion of the vortex ring state where 
0 < w cw < l.S Is not serious. Consequently, the theoretir oluticn is 
taken as the true one outside the crosshatched region u: departure 
from the experimental curve Is relatively large and/or thei>_ are numeri- 
cal difficulties In solving for 0£ n . When GEF ■ 1, this region marks the 
condition where: 


2.1 < w cw < 1.5 (7-54) 

When ground effects are present (GEF < 1), the crosshatched region 
of Fig. 7-6 (vortex ring state) shifts to the right with decreasing 
ground height (GEF decreasing). Therefore, as the ground height 
decreases, the vortex ring state will be encountered with smaller 
descent rates than for the rotor operating out of ground effect opera- 
tion. An analysis of the shift of the vortex ring state region (Eq. 
7-54) with ground effect constant (GEF) yields the following approximate 
expression defining the "vortex ring state." 

1.1 + GEF < w cw < 0.5 + GEF (7-55) 

When the criterion of Eq. 7-55 is satisfied, a change is made to an 
alternate means of calculating the induced flow and thrust coefficient 
based on flat plate drag. 

In using the smallest positive root of Eq. ?-53 as a check on the 
iterative solution of 3q. 7-44, the procedure is as follows. If the two 
roots agree, the correct root has been obtained and both Cj and w^ n have 
been determined. If they disagree, the iterative procedure is restarted 
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using the smallest positive root of Eq. 7-53 (which Is not the correct 
answer because of the Incorrect thrust coefficient used In computing the 
polynomial coefficients). Throughout the procedure the value of w cw Is 
monitored against the criterion of Eq. 7-55. If this condition occurs, 
the program branches as indicated in the preceding paragraph, and prints 
a message to the user. 

4. Flat Plate Drag Solution 

This solution approximates for the thrust coefficient and Induced 
flow in the crosshatched region of Fig. 7-6 by assuming that: 



Windmill Vortex Normal 

Brake Ring Operating 

State State State 


Figure 7-6. Sketch of Normalized Inflow Velocity vs. Normalized 
Vertical Speed for Zero Forward Speed 
GEF ■ 1 (No Ground Effect) 
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(GEF)w ln - w cw 


(7-56) 
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meaning chat there is zero total flow through the actuator disk* 
Because there Is zero flow, the disk is modeled as a flat plate having 
area equal to that of the actuator disk. The thrust is given by: 

T - ~ pAC D Wg W « pA(OR) 2 C T (7-57) 

The thrust coefficient is therefore: 

C T * \ C D 1 AclX C (7-58) 


where 




w cw 

m — ■ 

«R 


(7-59) 


and from Eq. 7-56 


w c w 

w in * (gef) 


(7-60) 


?*'is equation provides the correct limiting case (autorotation) result 
for C D - 1.23. For accelerated cr non-axial motion, errors are intro- 
duced by the approximation. 


5. Kotor Mean Lift Coefficient and Angle -of -At tack 


An indication of the operating regime of the rotor may be gained 
from the following approximate expression (Ref. 7-J) for the rotor mean 
lift coefficient (Cl): 


where 


Cl - 


6 


Ct 

a 


C T is the converged thrust coefficient result of 
Eq. 7-36. 


(7-61) 
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o - C L /a (7-62) 

The assumption of linear aerodynamics employed in the blade element 
theory result of Eq. 7-36, requires: 

C L < C LsTALL " 1 

The calculated values of Cl and a provide important information on the 
validity of the rotor (and propeller) models in various flight regimes. 
The results of Eqs. 7-61 and 7-62 are invalid for "vortex ring state" 
operation. 

G. ADDITIONAL INTERFERENCE EFFECTS 

This section presents models for rotor ground effects in a non- 
hovering flight condition and hull wake turbulence interference on the 
rotor operation. These models are first be presented individually, then 
followed by a discussion of the algorithm which permits the simultaneous 
calculation of these effects within the simulation. 

1. Rotor Ground Effect in Non-Hovering Flight Conditions 

The problem of determining the multitude of ground/rotor vortex 
interactions in non-hovering flight conditions has been thoroughly 
treated by Heyson (Refs. 7-2, 7-4). His results show a significant 
decrease in rotor ground effect with small forward speed (or effective 
relative wind). Such reductions in ground effect also occur In hovering 
flight with non-vertical wake orientation due to vehicle pitch or roll. 
In the present model, these effects are largely reflected* by changes in 
the ground induced velocity (Aw), through its defining relations (Eq. 
7-39 and 7-40). 


We neglect the remaining small ground Induced velocities about the 
other axes. 


TR-1 151-2-II 


7-26 



ORIGIN*:. ( ,S.*„ 

OF POOR Q AUTY 

An approximate expression for GEF is obtained fro* the theory of 
Ref. 7-4 which yields*: 

A 

GRF • 1 - (coe^x*)*^^^ (7-63) 

where 

r\ 

h, KGR have been previously defined (Eq. 7-40) 

and 

X e the effective wake orientation angle with respect 
to the inertial vertical axis. 


This effective wake angle accounts for the distortion of the geometric 
wake angle (x) at the rotor due to wake roll-up effects. It may be cal- 
culated from the following equation (Ref. 7-2): 


whe re 


car- X« - “J t« n X 


tan x 


( aw^ aw^ 

+ vj / 


1/2 


vaw 

wy 


as in Figure 7-7 (taken from Ref. 7-2). Whence, 


(7-64) 


Xe 


tan 


-1 


I 2 ?\l/2 

| aw*- . hw * I 
\ui + vi / 


aw 

wi 


(7-65) 


The inert inlly referenced rotor wake velocities (ui , vi , wi ) of 
Eq. 7-b5 are determined from: 



u aw 

v aw 

w* w i 


(7-66) 


*For upright hover (x # 
should. 


0), Eq. 7-63 reduces to Kq. 7-40 as it 
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Figure 7-7. Rotor Wake Geoaetry for Non-Hovering 
Flight; froa Ref. 7-2 


where 


ll - L Ic wYcw 
^Icw * ^Ii^icw 


and 


aw 

'cw 



0 


1 

c 

o 

< 

m 

0 

- 

v cw 


(GEF)w in 


w cw 


(7-67) 


where 


u cv» v cw» w cw» are determined from Eq. 7-26 

w, is determined from the iterative process of 
Eqs. 7-44 and 7-47. 
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The computet tonal implement At ion of Eq. 7-63 present* an iterative 
problem: 


a) 

CEF 

■ f(x*> 

, Eq. 7-63 


b) 

Xe 

- f(w ln , GEF) 

, Eqs. 7-64, 

7-67 

c) 

“in 

- f (GEF ) 

, Eqs. 7-44, 

7-47 


While it would be possible to incorporate the interative computation of 
GSF within the previous Newton Raphson procedure (Subsection F) the fol- 
lowing approximate scheme was implemented: 

a) Set GEF - i (out of ground effect) 

b) Iteratively calculate w ln , Cj, Eqs. 7-^4, 7 — * / , 

7-43 

c) Calculate x«* OEF, Eqs. Eqs. 7-b5, 7-63 

d) Iteratively recalculate w, , Eqs. 7-44, 7-47, 

7-43 

This "two pass" solution has proven to be within the overall level of 
accuracy of the simulation. 

2. Hull Wake Turbulence Interference on the Rotor 

Wind tunnel tests on HLA configurations have shown a significant 
decrease in rotor thrust (at constant collective pitch setting) due to 
hull proximity In both hovering and forward flight conditions (Ref. 
7-5). This effect is most significant (20 percent thrust decrease) at 
lower thrust levels, and less Important at the higher thrust levels 
whece rotor Induced flows become better defined. The rotor placements 
arc defined by the nondlmensional parameter, t r 5 (lateral separation 
between rotor hub and hull c*nterllne)/hull diameter. As expected, 
hull/wake turbulence Interference decreases with Increased separation 

A 

between the hull and rotor (increasing t r ). 

The data of Ref. 7-5 are replotted in Fig. 7-8 to show the depen- 
dence of thrust ratio (rotor thrust in the presence of the hull/isolated 
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Figure 7-8. Hull Wake Turbulence Effect on Rotor Thrust 

rotor thrust) on rotor disk loading (isolated rotor thrust/disk area) 
for three rotor locations (A r ). The trends demonstrated in this figure 
suggest the following form for thrust ratio based on isolated disk load- 
ing: 

T_ 

To 

T_ 

To 

where 

T * the rotor thrust in the presence of the hull 
interference 


- 1 - (KHRA - |T 0 |/A)KHRB , |T Q |/A < KHRA 

- 1 , | T 0 | / A > KHRA 


(7-68) 
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A 


KURA, KHRB 


the Isolated rotor thrust 
rotor disc area 
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Input constants (separate values for each rotor) 


The data of Fig. 7-8, applied to the model form of Eq. 7-68, show the 
parameter KHRA to be constant with rotor placement, while KHRB decreases 
with Increasing hull/rotor separation. The dependence of KHRB on hull/ 

A 

rotor separation (i r ) Is shown in Fig. 7-9. 


The exact cause of the interference effect of the hull on the rotor 
at zero sideslip has not been established. Calculations have shown that 
the mean velocity magnitude and direction of the rotor freestream is not 



Figure 7-9. Variation of Hull Interference Parameter 
KHRB with Rotor Placement 
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significantly distorted by the hull for the rotor locations which were 
investigated during the wind tunnel test program, Ref. 7-5. The signif- 
icant decrease in rotor thrust capability (at a constant collective 
pitch setting) oay therefore related to the impinging of the hull wake 
on the rotor inflowing freestream. The influx of hull/wake turbulence, 
as in the case of free stream turbulence effects on a wing, causes a 
reduction in the rotor blade lift curve slope (a). We may, therefore, 
interpret Eq. 7-68 to be an interference correction on the isolated 
rotor lift curve slope (a Q '*.* 

The calculation of the rotor blade effective lift curve slope from 
Eq. 7-68 requires a knowledge of the isolated rotor thrust loading 
(T q /A). Once the isolated rotor conditions are calculated, the lift 
curve slope interference correction can be made, and the solution for 
rotor conditions including interference effects can be determined: 

a) Set a ■ 

b) Iteratively calculate isolated rotor conditions 
w l n » Cf. Eqs. 7-44, 7—47 

c) a - a 0 (T/T 0 ) , Eq. 7-68 

d) Iteratively recalculate Cj, w ln , Eqs. 7-44, 7-47 

As in the case of the algorithm for calculating non-hover ground 
effects, the present scheme for hull and rotor interference calculations 
requires a two pass process. Also, the rotor calculations including 
non-hover ground effects should be evaluated before the hull on rotor 
interference effects are determined. Such a process would require four 
passes through the Newton-Raphson algorithm for each rotor (and each 
propeller). In order to reduce the computational requirements and still 
retain a sufficient overall level of accuracy, the following two pass 
algorithm is implemented: 

a) Set GEF - 1 
Set a » a Q 


*The symbol for the isolated rotor lift curve slope (a Q ) should not 
be confused with that for the rotor coning angle (Eq. 7-69). 
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b) Iteratively calculate Wp Q , Gp, Eqs. 7-44, 7-47 

c) Calculate Xe» GEF, Eqs. 7-65, 7-63 

d) Calculate a ■ a Q (T/T Q ), Eq. 7-68 

e) Iteratively recalculate « ln , Gp, Eqs. 7-44, 7-47 


H. ROTOR FLAPPING COEFFICIENTS 

The rotor coning and flapping angles are needed in the calculation 
of the remaining force and torque coefficients. 

The rotor flapping angle, 6, is positive for blade deflections above 
the plane of no feathering. 8 is a function of ij>, the azimuthal posi- 
tion of the blade as it advances around the rotor disk (see Fig. 7-1), 
starting at the downwind position. Thus: 

■ a 0 - ai cos ^ - bj sin (7-68) 


where the flapping coefficients are given by the following: 
I. Coning Angle, a 0 

a o " s 9 o( x + » 2 ) ♦ J x 


(7-69) 


This expression, like that for the thrust coefficient, neglects the 
dependency on p cw (Ref. 7-1). It also neglects the influence of gravity 
acting on the bladi mass (tends to reduce a for lifting rotors). The 
variable y is the Lock number, given by: 


T 


pacR^ 

b 


(7-70) 


where Ig is the blade moment of inertia about the hub. 
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2. Longitudinal Flapping Angle, aj (Kef. 7-6) 
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a l 


1 

1 - (»*2/2) 


V (f e 0 + 2ij 



16 <lcw 

y a 


(7-71) 


where is defined as positive for tip path plane 
tilting backwards (positive sense rotation about Y, 
aee Fig. 7-1). 


3. Lateral Flapping Angle, bj (Ref. 7-6) 


b l 


1 

1 + (p 2 /2) 



16 Pew 

y a 


(7-72) 


where bj is defined positive for tip path plane tilt- 
ing to the right (when viewed from the rear); thus a 
positive rotation about X (Fig. 7-1). a is given in 
Eq. 7-69. ° 


I. HORIZONTAL FORCE AMD TORQUE COEFFICIENTS 


The horizontal force coefficient, Cjj, is given by (Ref. 7-1) 


r oa 

C H * 


pS.l 0.3, 1 . , . 1 2 

+ I a l e o + J **1 - j P0q x + 4 Pal 


(7-73) 


The blade drag coefficient, 6, is calculated by the following quad- 
ratic function (Ref. 7-3) of mean blade angle of attack (a) 


— —2 
6 a + 5b a + 6 c a 


(7-74) 


where 


^a* 5 C are input constants 
a is given in Eq. 7-62 
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This equation neglects terms In , bj, p cw , and q cw which are 

judged In Ref. 7-7 to be negligible. However, there remains an implicit 
dependence on p cw and q cw through a^. The resulting dependence on q cw 
is exact for hover (Ref. 7-1) and quite adequate for low speed flight. 
The drag coefficient function is used to allow near-zero thrust levels, 
where the standard value of i « 0.012 Is no longer accurate (Ref. 7-3). 

The horizontal force coefficient, Cy, Is given by (Ref. 7-1): 

Cy - C T bj (7-75) 

where b^ is the lateral flapping coefficient, positive for the tip path 
plane tilting to the right (positive sense about u ctf ). This equation 
approximates the lateral force coefficient as being entirely due to 
lateral flapping and retains the major roll damping effect cited in 
Ref. 7-6. 

The torque coefficient, Cq, is given by (Ref. 7-1): 

Cq - (1 + 3y2) - XC T - uC H (7-76) 

where the first term is the contribution of profile and induced drag and 
the remaining terms are due to thrust. The torque acts in a positive 
sense about w cw , as the direction of rotor rotation is assumed counter- 
clockwise (as viewed from above). 

The power required ( p re q) to maintain a constant rotor angular speed 
Is : 


p req “ Q 8 


(7-77) 


where 


Q is obtained from Eqs. 7-76 and 7-35. 
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The power required is coaverced to horsepower (English units) by 
dividing P re q by 550, or to Kilowatts (S.A. Units) by dividing p re q by 
1000 . 

J. PROPELLER FORCES AND TORQUES 

The equations for the propeller force, and torque T^ 1 * are 

identical to those used for the rotor except for neglecting flapping and 
coning degrees of freedom. The assumptions that are outlined in Sec- 
tion E concerning the development of the rotor models apply to the pro- 
peller as well. The propeller forces and moments depend on the local 

relative wind, * at the propeller hub (including hull and rotor 

Interference effects) resolved to "control-wind" axes (e.g., Eq. 7-23 
and 7-24) for the propeller. The angles Aj 8 , Bj g now define the orien- 
tation of the propeller rotation vector (Op) (also the positive thrust 
direction) relative to the LPU reference axis (Figure 7-10). 

An additional step in the calculation of propeller forces and 
torques, is to correct the local relative wind at the propeller (from 
Eq. 7-16, e - p) for rotor interference. The relative local freestream 
velocity of the propeller hub is adjusted to account for the rotor 
induced downwash: 


ifl P ) " Vj P - (KRP) L 1 cw v£! C 


(7-78) 


where 


(Vl P ) deno tes V? P from Eq. 7-7, corrected for hull 
velocity blockage with Eq. 7-11, and also corrected 
for rotor Interference 

KRP is an input constant for each LPU that accounts 
for the relative proximity of the rotor and propeller 
(0 < KRP < 2.0) 
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Propeller 
rotation 
vector, & p 
is in the 
negative Z D j 
direction 




Figure 7-10. Orientation of Propeller Shaft Axes Relative 
to the LPU Reference Frame 


and 


in r 
lew 


0 

0 


<GEF r )w inr 


(7-79) 


with GEF r aul w^ n obtained from the previous rotor calculations for 

the respective LPU (e.g. rotor 1 for rotor/propeller interference on 
propeller l). 

Having obtained the relative lo».al flow velocity at each of the pro- 
peller hubs in coordinates of the LPU c.g. reference axes, (V^ , 

the rotor equations are entered starting with the axis transformations 
and velocity resolutions (Eq. 7-19 to 7-31). The calculations of pro- 
peller ground effects are retained in order to allow for vertically 
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oriented propellers. For horizontally thrusting propellers, these 
effects will be negligible (x* ■ 90 deg, GBF ■ 1). The hull wake turbu- 
lence Interference on the propeller Is calculated, as before, with a^ 
adjustment on the propeller effective lift curve slope. All second 
order effects of hull/rotor/propeller wake interaction are r<? elected. 
Next the propeller horizontal force is calculated, with the flapping and 
coning coefficients all equal to zero because the propeller is assumed 
rigid. Thus, the lateral force coefficient, Cy, is also neglected 
(Eq. 7-75). The pitching and rolling moments of the propeller hub are 
neglected in comparison with the moments generated by the propeller 
thrust force transfer to the LPU center of gravity. This is consistent 
with the similar assumption of negligible rotor hub moments (flapping 
hinge at the rotor hub) in comparison with the rotor thrust transfer 
moments to the LPU center-of-gravity. 

K. FUSELAGE (NACELLE) AERODYNAMICS 

The forces and moments on the LPU fuselage are calculated from 
simple models which depend on the relative local alrmass velocity of the 
fuselage aerodynamic reference center. The relative .. “loclty vector, 
which is calculated from vehicle kinematics, locax ..tmue^hers environ- 
ment states, and hull velocity blockage effects, is corrected for rotor 
and propeller downwash Interference: 


(iS V - j5 f - (KRF)(L low ) r vj; r - (KPF)(L icw ) P V*£ P (7-80) 


where 


denotes V* * corrected for rotor aud propel- 
ler interference 

g f 

Vi is obtained from Eq. 7-9 and corrected for hull 
velocity blockage with Eq. 7-16 

KRF, KPF are input constants for each LPU that 
account for the relative proximity of the rotor, pro- 
peller, and fuselage (0 < KRF, KPF < 2.0) 
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(Li C w) r is f rom 7-31 

(I'icwJ is from Eq. 7-31 with the appropriate defini- 
tion for Aj s and Bj g as given in the previous Subsec- 
tion 

r is from Eq. 7-79 


and 



u 


0 

(GEF p )w lnp 


(7-81) 


with GEFp and w^ np obtained from the previous propeller calculations for 
the respective LPU. 

The relative velocity for LPU-fuselage 1 is corrected only for 
interference by rotor 1 and propeller 1. Second order effects between 
LPUs ate neglected. 

The following fuselage model given here is taken from Ref. 7-6, but 
assumes no contribution from aerodynamic surfaces on the fuselage. The 
small fuselage aerodynamic moments are neglected in comparison to those 
resulting from the rotor and propeller models. The forces act at the 
fuselage aerodynamic reference center and are oriented in the direction 
of the LPU reference axes. 

The components of (V^ are: 

a f 

(7-82) 
i 



where the primes on the individual components which denote interference 
correction have been dropped. The axial force is modeled as crossflow 
drag: 


" ^|u|u l u ! u 


(7-83) 
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where the derivative X| U | U is a function of air density, reference area, 
and the appropriate drag coefficient. 

The vertical and side force have the same form: 


Ya “ Y| V | V |v|v 

(7-84) 

Za * Z| W | W |w|w 

(7-85) 


and we neglect the pure moments. 


l A - m A - n a » 0 


(7-86) 


The force and moment vectors about the LPU center of gravity due to the 
fuselage aerodynamic loads are: 


d f i 


Ya 

Za 


„,if 

IA< 


La 

Ma 


(7-87) 


(7-88) 


n a 
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These equations, while highly simplified, ace felt to be well within 
the precision required for representing the fuselage aerodynamic contri- 
bution. 

L. POWER OFF FORCES AND MOMENTS 

This subsection presents the aerodynamic models for the rotors, pro- 
pellers and LPU fuselages (nacelles) when the vehicle is in a power off 
(moored) flight condition. In this condition, the various LPU elements 
contribute mostly to the drag of the vehicle. To retain consistency 
with the fuselage model, the small circulation lift of stationary rotors 
and propellers and the pure aerodynamic moments about the hub attach 
points are neglected. Typical calculations for the power off condition 
show the rotor and propeller forces to be exceedingly small. Therefore, 
the errors introduced by simplifying the power off models are of negli- 
gible Importance to the overall mooring simulation. 

All thrust related interference effects are eliminated for the 
powered off condition. Only the hull on LPU velocity interference model 
(Section 7, Subsection C) is retained. The equations for the forces on 
the stationary rotor are presented first, with additional notes on the 
calculation of propeller aad fuselage forces. 

1. Stationary Rotor Aerodynamics 

The following simple crossflow model provides the rotor forces in 
coordinates of the control wind reference axes (cw) based on the rela- 
tive velocity of the airmass at the rotor hub (Eq. 7-26): 

^cw * ” J pAo6 a u cw Ju cw | (7—89) 

Y cw - 0 (7-90) 

Z cw “ ~ Y P^°^C zr w cw| w cw| (7-91) 
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where 

u cw* w cw are fro “ Eq * 7-26 
5 a defined in Eq. 7-74 

C r - 1.2 (Ref. 7-8) 

°zr 

Note that a fixed value of 1.2 is used for the rotor blade crosswind 
drag coefficient (Cc zr ) Eq. 7-89. This value, which is roughly con- 
stant for all high aspect ratio surfaces, is sufficiently accurate to 
preclude the requirement for different inputs for each rotor .and pro- 
peller). 

The power off rotor force is resolved into the LPU reference axes, 
giving 


EAj * (^icw) r [^cw^cw^cw]^ (7-92) 

The corresponding moment acting at the rotor hub is zero, thus, for 
the power off condition: 

TAi - 0 (7-93) 

where L^ cw is obtained from Eq. 7-31, noting: Ai s , Bi s = 0. 

2. Stationary Propeller Forces and Homeuts 

As before, equations for the propeller force, and moment T^, 

are obtained by direct resymboling of the appropriate equations for the 
rotors. In this case, the propeller equations are identical to Eqs. 

7-87 to 7-91 above, except that the earlier definition of propeller 

shaft orientation angles (Aj s , B^ s as in Section 7, Subsection J) is 
retained. In the power off flight condition, rotor interference on the 
propeller free-stream velocity is Ignored (Yew " o). 


TR-1151-2-II 


7-42 



3. TUh 1«|« Aarodfualci 


OWGiXA L • , 
Of POOR QUALITY 


The description of the fuselage aerodynamic force, F^. , end moment, 

If 1 

TA t , presented In subsection 7-K Is retained, noting thet the second end 

third terms of the Rq. 7-80 Involving rotor end propeller Induced velo- 
cities ere sero. So, 


(V* - Vj f (7-94) 

M. SUMMATION OF FORCES AND MOMENTS 

The total aerodynamic fore, acting at the 1 th LPU center of gravity 
(l ■ l, 2, 1, 4) la given by: 


£ a 4 - + d \ ♦ d\ 

where the Individual contributions are for the power on (HLASIM and 
HLAPAY simulation programs) or power off (HLAMOR simulation program) as 
appropriate. 

The total aerodynamic moment acting on the t th LPll ts given by: 



1 7-90) 


where the various terms are for the power on or power off condition as 
appropriate. 
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HULL/TAIL ASSEMBLY AERODYNAMICS 
A. BASIC ASSUMPTIONS 

The hull/tail assembly is composed of a central buoyant hull enve- 
lope of quasi-ellipsoidal shape and a tall assembly equipped with mov- 
able control surfaces. The tail assembly Is laterally centered on the 
hull x-z plane of symmetry, with longitudinal and vertical location 
specified by user inputs. This allows for a variety of symmetrical 
(x-talls) and unsymmetrical configurations (y-tails, v-tails, and 
t-talls). The central hull envelope is considered to include all 
external support structure related to the lift propulsion units (LPUs), 
payload cable attachments, mooring mast attachment, landing gears, and 
tail. 

The approach used in the following development considers the aero- 
dynamic loads (i.e., forces and moments) on the hull assembly and tail 
assembly separately. The hull assembly models are based on the motion 
of the hull center of volume (superscript "cv") relative to the local 
airmass, with corrections for the various rotor, propeller and ground 
interference effects. The tail assembly aerodynamic models are based 
upon the motion of the tail reference center (superscript "t") relative 
to the local airmass, with corrections for rotor, propeller, and ground 
interference effects. 

The hull and tail aerodynamic models consist of analytical functions 
which allow continuous simulation of vehicle flight dynamics over all 
ranges of speed and flow Incidence without recourse to lookup tables. 
The methodology for estimating the uecessary input parameters is des- 
cribed in Appendix A. Using this methodology, alternative configura- 
tions can be studied without requiring additional data. This elemental 
approach allows for the incorporation of the 4 point atmospheric distur- 
bance input model, and provides a mechanism for changing vehicle geome- 
try without large associated changes in the vehicle data base. 
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Interference models account for the significant effects of rotor, 
propeller, and ground proximity to the hull and tail. These models are 
based on experimental wind tunnel data (Ref. 8-1) and computed aero- 
dynamic results (Ref. 8-2). They have been implemented in a scheme 
which does not require iterative computation procedures. This is made 
possible by neglecting second order hull/rotor/propeller/ground wake 
interaction effects. 

The calculation of hull and tall aerodynamic loads uses mathematical 
models which are largely undocumented elsewhere. In order to make clear 
the derivation of the many new aerodynamic models, the organization of 
this section will follow a progression of increasing aerodynamic flow 
complexity, rather than the computational sequence used in the simula- 
tion and reflected in the Section 7 discussion of the lift propulsion 
unit aerodynamic models. Specifically, the discussion of the quasi- 
steady aerodynamic models where the loads arise from relative airmass 
velocities is separated from the discussion of the unsteady aerodynamic 
models where the loads arise from relative airmass accelerations. 

First, the vector equations are presented in Subsection B for all of 
the pertinent relative airmass velocities and accelerations, including 
the various velocity interference effects (Type A) due to rotor, propel- 
ler and ground proximity. Next, the aerodynamic equations are derived 
for the hull and tail quasi-steady flow forces and moments. The quasi- 
steady hull and tail models are compared to published airship experi- 
mental data (Ref. 8-3) to show typical aerodynamic characteristics and 
model limitations. 

The proximity of the turbulent wakes of the rotor and propeller to 
the hull causes an increase in the total hull crossflow drag coeffi- 
cient. Hull proximity to the ground causes a decrease in the hull 
crossflow drag force; tail proximity to the ground causes an increase in 
the tail lift curve slope. Models are presented which correct the 
respective hull and tail equation parameters for these (Type B) inter- 
feren e effects in Subsection C. 
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The quasi steady aerodynamics of the hull are presented in Subsec- 
tion 0; of the tail in Subsection E. Their combined effects are illus- 
trated and compared with published data in Subsection F. Certain 
additional Interference effects (Type B) which affect the quasi-steady 
forces and moments are presented in Subsection G. 

Aerodynamic equations for unsteady (accelerated motion) loads on the 
hull and tall are derived in Subsection H. The loads arising from vehi- 
cle unsteady inertial motion are distinguished from those arising from 
airmass unsteady inertial motion. As will be shown, each of these 
motions produces different resulting forces and moments. 

Due to the dependence of the aerodynamic loads on vehicle inertial 
acceleration, a problem arises in computing the acceleration needed for 
numerical solutions. An organization of the steady and unsteady aero- 
dynamic force and moment equations is presented in Subsection I which 
provides for the calculation of the required accelerations. 

By way of summary, Subsection J presents example time histories of 
the various contributions to the total load experienced by an HLA con- 
figuration during a gust encounter. 

There is an essential difference between the organization of the 
equation development and that of the computer program. In the former 
case, the models are organized according to airmass motion type (e.g., 
quasi-steady, unsteady), with hull and tail equations considered 
together. In the latter case, the organization is according to the cal- 
culation of hull loads or tail loads, with differing airmass motion 
types treated together. A more in depth appreciation of the organiza- 
tion of the simulation aerodynamic calculations can be gained by :.efer- 
ing to the software manuals. 

For clarity of presentation, the figures in this section depict 
angular quantities in units of degrees and degrees/sec, etc. while all 
the simulation equations assume angular units of radians and 
radlans/sec, etc. 
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B. VELOCITIES AND ACCELERATIONS RELATIVE OF POOR QUALITY 

TO LOCAL A1RMASS 


The hull and Call aerodynamic models depend on the velocity and 
acceleration vectors at the respective reference center locations. The 
hull reference center location is defined as the hull center-of-volume 
(cv), which for ellipsoidal configurations is at the intersection of the 
major and minor axes. The reference center for tail calculations (t) is 
defined by the user, and typically corresponds to the nominal wind 
tunnel wing aerodynamic center (e.g., tall 25 percent chord location). 
The basic (non-interference) relative velocity and acceleration vectors, 
at the respective reference locations, are determined from the inertial 
motion of the vehicle and outputs from the atmospheric disturbance 
model. Following the sign convention adopted for airmass quantities 
(Subsection 5-B), the hull and tail velocity vectors relative to the 
local airmass are given by: 


Vh cv 


Vh cv 


C cv 


(8-1) 


a cv hcv am cv 

Mi “Mi ~Mi 


(8-2) 


S' 


Vh" - Vh” 


(8-3) 


at ht am t 

Mi “ Mi ~ Mi 


(8-4) 


where 


„fi.m cv am cv „am t am t 
ih > Mi » Ih » Mi 


are given in Eqs. 6-47, 6-48, 6-52, 6-53 respectively. The remaining 
vectors In the above equation? are determined from the rigid body motion 
of the hull center-of-gravity (V^, ufo) and the vehicle geometry 
(Fig. 8-1): 
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Figure 3-1. Hull Geometry Vectors 


vir ■ v h + (a, x rS cv ) 


(8-5) 


hcv 

■Ai “ £h 


(8-6) 


ih 1 “ Yh + (a, x Rh C ) 


(8-7) 


ht 

2h 


ii?h 


(8-8) 


The effective acceleration of the hull center-of-volume relative to 
the local airmass, with respect to rotating body axes is given oy: 
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°a 

Yh 


CV 

°hcv 

°am cv , 

CV 

„a cv\ 

m 

Yh - 

Yh H 

\ 

Yh 1 


(8-9) 


where the airmass velocity gradient matrix is given by 


3V _r cv 

3R 


3u/3x 

3v/3x 

3w/3x 


3u/3y 

3v/3y 

3w/3y 


3u/ 3z 
3v/3z 
3w/3z 


am cv 
h 


( 8 - 10 ) 


CV 3l CV 

and Vh , are obtained from Eqs. 6-62 and 8-1, respectively. 
The elements of matrix Eq. 8-10 are obtained from Eqs. 6-48, 6-49, 6-50, 
6-51, and the airmass angular velocicy definition Eq. 6-15. Note that 
the third column terms (3/3z) are all zero according to the assumed 
planar model (Section 5, Subsection C). 


The x-axis terms in the brackets of Eq. 8-9 correspond to Eq. 

5-4 and similarly for the y-axis terms. The first term in brackets 
cv \ 

(.Yh J time derivative of the local airmas3 velocity, which 

corresponds to the first right-hand-side term of Eq. 5-4, The second 
term in the brackets of Eq. 8-10 is a compact matrix/vector notation 
form for the relative acceleration of the local airmass due to spatial 
velocity gradients. These effects are representated (for x-axis terms) 
by the last two right-hand-side terms of Eq. 5-4. 

The first term in Eq. 8-9 is the kinematic acceleration of the hull 
center-of-volume with respect to the rotating body reference axes 

(Sh CV )' 8 lwe “ hy 


Jhcv 


O 

Yh 


& 


_hcv-> 

* 5h ) 


( 8 - 11 ) 


The angular acceleration vector of the hull center-of-volume relative to 
the local airmass (with respect to the hull rotating reference axes) is 
given by: 
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where 


and 


°a cv °hcv °am cv 
SUh ■ SUh “ SUh 


°hcv 

SUh 


o 

SUh 


°am cv 
SUL i s 


given in Eq. 6-65 


( 8 - 12 ) 


(8-13) 


The corresponding equations for the tail effective acceleration vec- 
tors can be obtained by direct resymboling of the preceding results 
(Eqs. £-9 to 8-13), viz., 


S' 


°ht 

Yh - 


°am 

Yh 


3R 



(8-14) 


where V^ m C , C are obtained from Eqs. 6-64 and 8-3, respectively. 
The second term in the bracket of Eq. 8-14 is identical to Eq. 8-10 
except that the superscript "am t" is implied. The corresponding matrix 
elements a«.e similarly obtained from Eqs. 6-53, 6-54, 6-55, 6-56 and the 
angular velocity definition of Eq. 6-30. Again the third column ele- 
ments (3/3z) are all zero. 


The first te-ra or Eq. 8-14 is obtained directly from Eq. 8-11 as: 



Yh + (suh * Sh*) 


( 8 - 1 !) 


The angular acceleration of the tail reference center relative to 
the local airmass (with reepnct to the rotating hull body axes) is: 

°a t °ht °am t 
SUh ■“ SUh “ SUh 


where 

oht o 
SUh “ SUh 


and f is given in Eq. 6-67. 


(8-16) 

(8-17) 
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Finally, for hull buoyancy calculations, the acceleration of the 
local airmass at the hull ceuter-of-volume with respect to non-rotating 
inertial reference ^xes is required. Here only the Inertial motion of 
the local airmass is considered, and the Inertial motion of the vehicle 
Itself is disregarded. The total effective inertial acceleration of the 
local airmass is comprised of a time dependent portion and a spatially 
dependent portion according to the equation: 


(fh D CV ) 


Total 


s V f“ cv 

• am cv — “ am cv 

v£ c +— — v h 


(8-18) 


where V^ 50 CV * Vh” 1 are obtained from Eqs. 6-47 and 6-63, respectively, 
and CV /3R is given in Eq. 8-10. 

C. HULL AND TAIL RELATIVE VELOCITY 

INTERFERENCE EFFECTS 

The major sources of velocity (Type A) interference on the hull and 
tail arise from rotor, propeller, and ground proximity. The rotors and 
propellers act as aerodynamic sinks which Induce interference velocity 
increments on the hull and tail. This produces a change in the net 
velocity vectors relative to the local airmass, and causes the hull and 
tail to be drawn towards the rotors and propellers. The magnitude of 
the Interference velocity increments varies linearly with the rotor and 
propeller total induce’ velocities and inversely with LPU/hull and LPU/ 
tail separation. 

Additional velocity interference increments arise from the hull and 
tail proximity to the ground. In both cases, the close presence of the 
ground causes a rotation of the local airmass flow direction without 
attenuating the magnitude of the relative velocity vector. 

The model for rotor on hull velocity interference will be presented 
first with later generalization to account for rotor and propeller on 
hull and tail interference effect?. Then a model for ground on hull 
velocity interference effects will be presented. 
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Additional ground on hull and tall (Type B) Interference effects are 
discussed In Subsection G. 

1. Kotor On Hull Velocity Interference 

The operation of one rotor near tht hull causes an Induction of flow 
around the hull towards the rotor. A typical flow pattern for the hull 
with one thrusting rotor is shown in ’"ig. 8-2 reprinted from Ref. 8-4. 
In idealized aerodynamic, terms, the rotor acts as a 1-dimens Iona 1 flow 
sink. The strength (K) is defined as the induced volume flow rate 
through the rotor: 


K - - (8-19) 

P 

where 

K - rotor sink strength (induced volume flow rate) 
m ■ Induced mass flow rate 
p ■ ambient air density 


and 

m - pA|(G3F)w in | (8-20) 

where A is the rotor actuator disk area and (GEF)w^ n is as determined in 
Section 7. 

The absolute value function of Eq. 8-20 is necessary because the 
aerodynamic sink is omnidirectional, and depends only on the fie/ rate. 
Therefore, as a model for rotor flow Induction, Eq. 8-20 does not dis- 
tinguish between positive or negative thrust conditions. This assump- 
tion is sufficiently accurate for rotor placements which do not cause 
large direct impingements of the rotor wake on the hull (Ref. 8-2), 

The magnitude of the sink induced velocity at the hull center-of- 

volume uj? due to one rotor is calculated from potential flow theory 
s 

(Ref. 8-5): 
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Vector scale 



Figure 8-2. Rotor-Induced Velocities on HLA Hull in Hover; 
Thrust Loading (T/A) = 8.26 lb/ft^; from Ref. 8-4 
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( 8-2 1 ) 


where K is obtained from Eq. 8-19, and d is the radial distance from the 
hull c.v. to the respective rotor hub. Substituting Eqs. 8-23 and 8-24 
into 8-25, and adopting the following definitions: 


( w in) T0 T s ( GEF ) w ln» total rotor induced 
velocity (self-induced plus ground 
induced). 

d = d/2R, nondimens ional rotor/hull 

separation distance; R - rotor 
radius. 


There results 


h | ( w in)ioTi 

Us - — 

16d 2 


( 8 - 22 ) 


The expression for sink induced interference velocity given in 
Eq. 8-22 shows the simple theoretical dependency on total rotor induced 
velocity (wi n ) T0T and nondimens ional rotor/hull separation distance, d. 
The velocity interference of the rotor sinx drops off with the square of 
the separation distance, becoming a negligible fraction of (winj^ox for 
separations greater than three rotor diameters. For a given HLA con- 
figuration, this interference effect will be most significant when the 
rotors are operating at a maximum induced velocity condition (e.g. 
heavily loaded, hovering flight condition out of ground effect). 

The potential flow theory solution for the rotor on hull interfer- 
ence velocity vector, V^ nt r , is obtained from Eq. 8-22 and the geometry 
of Fig. 8-2: 

I-*”' ^potential ‘ "* *^ T (8 ' 23) 
theory 
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where e^cv the unit vector locating the respective rotor hub 
script "ir") from the hull c.v. (subscript "hcv”). From Fig. 8-: 

Shcv 

' hcv ' ]^[ 

and 

_ir „hi _ fr% ir ^ih^. _hcv 

Shcv * Sh “ ^hi(Si ~ Si ) “ Sh 



= d 


In terms of its components, the unit vector is given by 


“ir 

®hcv 



hcv 


When Eqs. 8-22 and 3-27 are substituted into 8-23, there results 


lir 


e x 



potential 

theory 



|( w in) T0 T 


hcv 


(super- 


(8-24) 


(8-25) 


(8-26) 


(8-27) 


(8-28) 
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Extensive analyses using the Nielsen Engineering and Research Aerody- 
namic Flow Computations Model (Ref. 8-2) suggest the presence of impor- 
tant viscous (non-potential flow) phenomena. In order to accommodate 
such effects, the following generalized rotor on hull velocity interfer- 
ence model was Implemented: 


KRHC 



r 


KRHD 


| ( w inWr| 


KRHE 


(8-29) 


where KRHC, KRHD, KRHE are user supplied constants (for each rotor). 
These are calculated from Eq. 8-28 and adjusted as necessary for the 
viscous effects. 

So far, consideration has been given only to interference velocity 
increments at the hull center-of-volume due to the rotors. The effec- 
tive gradients which arise from differences in the induced velocity of 
the various rotors are neglected as being second order effects. Sample 
calculations show the major interference effect to be a trim down load 
due to roughly uniform rotor induced velocity interference in the verti- 
cal direction. For most symmetrical flight conditions, and typical LPU 
configurations, the velocity interference increments in the axial and 
lateral directions will approximately cancel, leaving only the vertical 
interference velocity for rotor locations below the hull x-y plane of 
symmetry. 

2. Propeller on Hull Velocity Interference 


The propellers like the rotors act as sinks which induce interfer- 
ence velocities at the hull center-of-volume. The model adopted for 

propeller on hull velocity interference (V^ nt is identical to that 

discussed above for rotor on hull Interference. The interference 
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constants of Eq. 8-29 are redefined for each propeller (KPHC, KPHD, 
KPHE). We note from the potential flow solution of Eq. 8-22 that for 
rotor and propeller placements in roughly the same location, the pro- 
peller Interference constants are approximated from the rotor constants 
and the ratio of propeller and rotor disk areas according to the follow- 
ing relations: 


KPHC 

i (KRHC ) (A) 

(8-30) 

KPHD 

= (krhd)(a) 

(8-31) 

KPHE 

= (krhe)(a) 

(8-32) 


^Propeller 


A 

.Rotor 

A 

(8-33) 


3. Rotor and Propeller on Tail 

It is assumed that the tail is not in the core of the rotor or pro- 
peller slipstream. The rotors and propellers again act as aerodynamic 
sinks and induce interference velocities at the tail reference center 
(v£ nt r and V* nt **, respectively). The form of Eq. 8-22 is applicable, 
with the nondimens ional distance, d, now representing the separation 
between a rotor or propeller and the tail reference center (t). Thus 
the rotor on tail velocity interference model requires three geometric 
constants (KRTA, KRTB, KRTC) corresponding to (KRHC, K£HD, KRHE) of 
Eq. 8-29. The propeller constants (KPTA, KPTB, KPTC) are obtained by 
appropriate resymbolling of Eqs. (8-30, 8-31 and 8-32). In the case of 
the tall, viscous effects are not very significant, especially in the 
low angle attack range. Therefore, the potential flow solution of 
Eq. 8-22 can be applied directly to determine these constants without 
the need for experimental correction as is the case for the hull. 
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Calculations show that velocity interference effects are significant 
only for rotor and propeller placements within three (rotor or propel- 
ler) diameters. Therefore, only rotors 3 and 4 (Fig. 8-2) have signifi- 
cant interference effects on the tail. In general, the propellers do 
not have dominant velocity interference effects on either the hull or 
the tail. 

4. Summary of Xotor and Propeller Velocity 

Interference Effects 

This article summarizes the above results and presents the general 
equations for the hull and tail relative velocity vectors, including the 
interference effects of all the rotors and propellers. These general 
equations are obtained from the superposition of the various sink 
induced interference velocities. Second order effects due to interac- 
tion among the various sinks are ignored. The velocities are: 


(yT v )' - vS cv - (vJ nt r w (Sh nt p W <«*> 

(Vh C )' - YS ‘ - (Yt nt r ) Total - (vj nt ") To[al (8-35) 


where the prime ()' notation indicates that the relative velocity vec- 
tors have been corrected for rotor and propeller interference and V® cv 
is given in Eq. 8-1, C is given in Eq. 8-3, and 

(Yh" C r ) Total = £ (Yh" C r )‘ (8-36) 

i-1 

i-1 
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(rf nt r ) Total ■ S (V^ r ) i (8-38) 

i-1 

P ) Total » £ T ) 1 (8-39) 

i-1 

where V^ nt r , V^ nt p , V* nt r , and y* Qt p are calculated for each LPU 
from the generalized expression in Eq. 8-29. 

5. Ground on Kill Velocity Interference 

In large sideslip flight conditions, hull proximity to the ground 
causes an upward rotation of the crossflow freestream velocity vector 
with no attenuation of the velocity magnitude. This upward flow rota- 
tion yields a corresponding increment of hull lift which has been shown 
to be significant for ground handling operations. This section first 
presents a model iir the flow rotation effect due to ground proximity 
for a 90 deg sideslip flight condition (crossflow). Then a model is 
presented which accounts for ground on hull interference for arbitrary 
flow and vehicle orientation angles. 

a. Flow Rotation Model for Pure Crosswind Flight Conditions 

The vehicle is assumed to be stationary in a level attitude 
(0 - <p - 0) with the freestream crossflow velocity vector, V w , directed 
along the positive y axis of the hull. The rotation of thi3 wind vector 
due to ground interference is depicted in Fig. 8-3. Based on wind 
tunnel data of the airship Akron (Ref. 8-3) it is assumed that the free- 
stream velocity magnitude is not affected. The flow orientation angle 
(A') is measured relative to the hull z-axis (see F^g. 8-3) and is 
assumed always to be within a small deviation of 90 deg. 

The following equations for the hull longitudinal (x-axis), lateral 
(y-axis) and vertical (z-axis) aerodynamic forces on the hull are 
developed in Subsection D: 


TR-1 151 —2— I I 


8-16 




Mean Free-Stream 



Ground Plane 


Figure 8-3. Ground-on-Huil Velocity Interference Model 
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where from Fig. 8-3 for pure crossflow 


v yz = Vy * relative horizontal crosswind velocity 


w 
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The body-axis components are: 


v » V v sin X' 


„W i * 

W = Vy cos X 


(8-44) 

(8-45) 

(8-46) 


For cos X' » it/2 - X' (small angle of ground induced flow rotation, X' 
in radians). 


u = 0 


v - V* 


w - Vyfx/2 - X') 


(8-47) 

(8-48) 

(8-49) 


When substituted into Eqs. 8-40 through 8-42, there results: 


X - 0 


(8-50) 


Y “ yv|v| h ( v y) 


(8-51) 


Z - Z w|wi h (Vy) (w/2 - X') 


(8-52) 
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Equations 8-50 and 8-51 show that tne hull x and y forces are unaffected 
by ground induced velocity rotation effects. Equation 8-52 shows that 
the hull's z force will increase linearly with the hull flow rotation 
angle (X'). 

The dependency of the flow rotation angle (X') on ground proximity 
is shown in Fig. 8-4, which was obtained by reducing the wind tunnel 
data of Ref. 8-3. The wind tunnel data was corrected in order to remove 
the effect of the velocity variation with altitude. The resulting data 
are referenced to the local freestream velocity at the hull center of 
volume, instead of the freestream velocity at the reference wind tunnel 
location. The results of Fig. 8-4 suggest the following form for ground 
induced flow rotation angle as a function of nondimens ional hull 

A A 

height, h (h = height of hull c.v./null diameter): 

A 

X' = (it/ 2 ) ( 1 - e(h)KGHA) (8-53) 

where 

KGHA - a user supplied curved fit constant derived from Fig. 8-4 
or available wind tunnel data. 

The form of Eq. 8-53 is plotted along with the experimental data in 
Fig. 8-4. The model results compare favorably with the experimental 
data, and indicates that ground effects will be significant for hull 
center of volume locations within two hull diameters of the ground 

A 

plane (h < 2). 

b. Arbitrary Vehicle and Freestream Orientations 

The previous model is generalized in this subsection. As can be 
seen from Eq. 8-53 the ground-induced flow rotation angle is dependent 
only upon the vertical height of the hull center of volume. The angular 
orientation of the hull is important only to the extent that the velo- 
cities used in the force equations of Eqs. 8—40, 8—41, and 8—42 are body 
axis based. In order to employ the model of the Eq. 3-53, the following 
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Figure 8-4. Variation in Ground Induced Flow Rotation 
Angle (A') with ^ondimensional Hull Height (ft) 

transformations are used to calculate the equivalent horizontal cross- 
wind velocity and coordinates of the vertically oriented HLA heading 
referenced axis system (x y , y , z y ) shown in Fig. 8-3: 

tf CV - L vh (v£ CV )' (8-54) 

where (Vf, cv ) is the relative velocity vector of the hull center-of- 
volurae relative to the local airmass (eq. 8-34), including the rotor and 

d CV 

propeller interference corrections of Subsection 4, above. V v is the 
relative velocity vector of the hull center-of-voluoe relative to the 
local airmass in coordinates of the vertically oriented HLA heading 
referenced axis system; in terms of Fig. 8-3, 

TR-1 151 —2—1 I 8-20 


OF PCO.v ^ 


v$ cv (2) 



(8-55) 


and 


L vh 



1 


cos 0 
0 

-sin 0 


sin 0 sin t 
cos $ 

cos 0 sin $ 


sin 0 cos t 
-sin ^ 
cos 0 cos 4 


(8-56) 


where 0 and $ are Che pitch and roll Euler angles of Che hull. The com- 
Ql cv 

ponenCs of V v 


a cv 


(8-57) 

v 


where v* CV * - Vy of Fig. 8-3. 

These components a.-e corrected for the flow rotation as follows: 



( 


a cv 
u v 


, a cv 

v * v v 


. a cv,, » , a cv 

I Vy | (tt/2 - X ) + Wy 


(8-58) 


(8-59) 


(8-60) 


where the prime (') superscripts indicate that the relative velocities 
have been corected for ground on hull velocity interference. 


TR-1 151 —2—1 t 


8-21 



The equations for the lateral and vertical relative velocities 
(given above) are consistent with those of Eqs. 8-47, 8- and 8-49. 
The absolute value function in Eq. 8-60 is necessary in order to allow 
for arbitrary vehicle and wind motion. Equation 8-58 assumes that the 
axial velocity (parallel with the horizontal plane) is unaffected by 
ground proximity to the hull. This is consistent with the wind tunnel 
data of Ref. 8-3, and is sufficiently accurate for most conventional 
hulls whose finest ratio (hull length/hull diameter) exceeds two and for 
small pitch attitude angles |6| <25 deg. 

Equations 8-58, 8-59 and 8-60 are transformed back to coordinates of 
the hull body axes to allow a calculation of the aerodynamic forces on 
the hull: 


(Sh cv )" 



^hv 


V 



( 8 - ■ .) 


The double prime (") denotes correction for the propeller and rotor 
interference (Eq. 8-34) and for ground proximity. The transformation 
matrix is given by: 

4,v • [Wh] _1 - [1-vhF (8-62) 

Equation 8-61 provides the relative velocity vector ac the hull 
center-of-volume including all rotor, propeller, and ground interference 
effects. Any second order effects arising from the ground induced flow 
rotation at the rotors and propeller locations are neglected. These 
effects are felt to be unimportant. 

0. QUASI-STEADY HULL AERODYNAMICS 

In the next few sections we explain the assumptions and equations 
used to represent the hull aerodynamics in rectilinear and curvilinear 
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steady flight. The model for hull rectilinear aerodynamic forces and 
momer :s follows that of Allen and Perkins (Ref. 8-12) for a slender body 
of revolution with zero base area. The discussion of hull forces which 
originate in combinations of rectilinear and curvilinear motion giving 
rise co centrifugal accelerations is deferred to Subsection (pending). 

The drag parameters used in the hull aerodynamic model are affected 
significantly by rotor, propeller, and ground Interference (Type B) 
effects. In the discussion that follows, it is assumed that these para- 
meters are known a priori. Corrections for the various Type B interfer- 
ence effects are presented in Subsection G. 

1. Rectilinear Plight 

The aerodynamics of an airship hull may be described in terms of two 
overlapping angle-of-attack regimes. In “he first regime (low inci- 
dence, free stream angle of attack less than 5 deg) the flow is largely 
attached, and the local angle of attack along the hull is twice free- 
stream value. This local streamline curvature, known us "2-aipha flow," 
is a result derivable from non-viscous potential flow theory (Ref. 8-6). 
In the real viscous flow case, the boundary layer separates from the 
leeward surface, giving rise to small lift forces. The drag force is 
predominantly due to skin friction even for low fineness ratio hulls 
(Ref. 8-7). 

Curtiss' review (Ref. 3-8) of the literature pertinent to the calcu- 
lation of low-angle-of-attack hull lift, concluded that presently avail- 
able techniques inadequately predict hull lift. This may largely Ha 
result cf nonlinear separation line movements and strong Reynolds number 
dependencies. The present simulation model neglects the low-angle-of- 
attack "2-alpha” lift, resulting in a slight underestimate of the hull- 
alone lift in that regime. The skin friction drag important for trim 
and performance calculations is determined from the axial dynamic pres- 
sure, 1/2 (pu^), and axial drag coefficient, C^. By using the axial 
component of velocity (instead of the more usual total velocity) in com- 
puting dynamic pressure, the data show that the axial coefficient C^ 
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becomes more truly a constant. This approach greatly simplifies the 
simulation and was used throughout the aerodynamic model development. 

The second hull regime (angle of attack greater than 5 deg) is char- 
acterized by larger areas of separation which causes a breakdown of the 
"2-alpha" flow, and the appearance of longitudinal vortices (Ref. 8-9). 
The resultant aerodynamic force lies virtually normal to the surface. 
This force is proportional to the perpendicular or "crossflow" dynamic 
pressure [(l/2)pw2 or (l/2)pv2j and the "crossflow" drag coefficient 
< c C 2h or C Cyh ). 

The general expressions for the body axis forces, referenced to the 
hull center of volume, are: 


x h 

= oX u | u | h u 1 u 1 

(8-63) 

Yh 

aYvjvjjj v Vy Z 

(8-64) 

z h 

= aZ w|w||j w v yz 

(8-65) 


where, from Eq. 8-61 dropping the double prime notation for simplicity; 


u 

v 

w 


vr v 


( 8 - 66 ) 


and a = p/p Q is the relative air density correction. The velocity per- 
pendicular to the x axis is 


V 


yz 


= /v^ 


+ w‘ 


(8-67 ) 
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The coefficients, X uju | h , Y vjV | h , and Z W | W | h are input parameters deter- 
mined by the user. These are related to the conventional aerodynamic 
quantities according to the defining equations: 


^u 1 u | h 

= (“Po/2)ShCAjj 

(8-68) 

Y V]V| h 

5 (“Po'2)S h C Cyh 

(8-69) 


= (-p 0 /2)S h C Czh 

(8-70) 


The hull reference area, S^, is that which is consistent with the cor- 
responding drag coefficients; C^> Cq z ^» The relative air density 
correction, o, is equal to one when the desired air density (p) corre- 
sponds with the reference air density used in the input parameter calcu- 
lations (p Q ). 

The moment characteristics of bare hulls in ideal steady flow have 
been derived from potential flow theory by Munk, (Ref. 8-10), Zahm, 
(Ref. 8-11) and others. The theoretical pitching moment has been shown 
to follow the relation for all oh cv : 

M h = j pVo(Kc - K s)v sin (2ah cv ) (&-71) 


In this expression, V Q is the relative free stream velocity magnitude, 
K a , K b> K c are c ^ e ^-called translational “apparent mass’’ constants 
along the hull x, y, and z axes, respectively, V is the volume of air 
displaced by the hull, and ah cv is the hull angle-of-attack at the 
center of volume, given by: 

“hcv * tan~*(w/u) (8-72) 

For nal flow, where leeward separation decreases the theoretical 
moment obtained from Eq. 8-71, Zahm (Ref. 8-11) suggests a correction 
factor, n m , obtainable from wind tunnel results. Generalizing to three 
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dimensions, the expressions for the hull aerodynamic moments in terms of 
the hull center-of-volume relative velocities are given by: 


Lh 

- o Ly^vw 

(8-73) 

M h 

" ° Muw h u*f 

(8-74) 

Nh 

= O N U y h uv 

(8-75) 


where Ly^, ^uw^* aQ d N uv ^ are i n P ut parameters determined by the user. 
These are related to the conventional aerodynamic quantities according 
to the defining equations: 

Po V(K b - K c ) r, L (8-76) 

p 0 V(K c - K a ) hm (8-77) 

Po V(K a - K b ) tin (8-78) 

and n b , n^, Hn are the separation correction factors which are typically 
in the range 0.6-0. 8. 

2. Curvilinear Flight 

Classical airships derive 70-90 percent of their total rotary damp- 
ing, at zero forward speed, from the hull envelope (Ref. 8-13). As the 
flight speed increases, the relative importance of this contribution is 
reduced due to the sharp rise in tail damping with velocity. In addi- 
tion, heavy-lift airships derive considerable rotary damping in pitch 
from the rotors at cruise conditions. However, rotor damping typically 
drops to 50 percent of its cruise value in hovering flight (Ref. 8-14). 
Therefore, the accurate modeling of hull-envelope damping becomes impor- 
tant in hovering and low-speed flight regimes. Beyond the low-speed 
range (V Q > 20 fps), the tail and rotor contributions dominate the over- 
all damping characteristics. 


l vwh * 
«uwh = 
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A significant consequence of the potential flow theory analysis 
of airship hulls in curvilinear flight is the conclusion that no 
resultant moment arises that is proportional to steady angular velocity 
(Ref. 8-11). As a result, hull rotary damping must arise froa viscous 
flow effects. A "strip theory" solution for hui' damping can be 
obtained by considering the lengthwise variation of "crossflow drag" for 
pitching motion: 


Mh(qh a » wh a ) 


where 


J +t/2 

x i( w “ q*i) 2 ds 

-m 


(8-79) 


1 Airship hull length 

w Relative crossflow velocity at the hull center 
of volume 


q Relative pitching velocity 

Lengthwise coordinate 
dS Section reference area 


and for ellipsoids of revolution: 


dS = D(x)dx^ 


(8-80) 


where 


2 , 9 

D(x) * j{l 2 / 4 - X p (8-81) 

where 

1 = (hull length/hull diameter) = hull fineness 

ratio 

The expansion and evaluation of the above integral is an involved 
procedure, complicated by the need for piecewise ( non-close J-f orm) cal- 
culations. An approximate solution that produces sufficiently accurate 
results can be obtained by considering the superposition of two limiting 
flight conditions. 
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For hovering flight (w « 0), the rotary hull damping is given from 
Eq. 8-79 as: 


M h (q, 0) 


( 


’ pC Czh l5 \ 
120 f / 


qiqi 


(8-82) 


When the relative angular rates are small compared to the relative 
crossflow velocity |ql| < |w|, Eq. 8-79 yields: 


Mh(q. w) 


( 


"* pC C2h l4 \ 

64f / 


|w|q 


(8-83) 


The combined three-dimensional result for rotary pitching moment is: 


M h 31 M q | q I h q< **yz + M qlw| h q v yz 


(8-84) 


where 

o>y Z = V'q 2 + r 2 

Mqjqj and M q | w j are user supplied inputs given in the 
parentheses of Eqs. 8-82 and 8-83, respectively. 

and 

P 

q 

r 


a cv . . „ 

= ajh given in Eq. 


8-2 
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Lh 

* L Plplh p * P * + L Plu| h Plul 

(8-85) 

N h 

“ N r|r|h ra> yz + N r|v| h rV yz 

(8-86) 


where 


Nrlrlfo* N r|v|^ are user supplied input constants 
obtained by replacing w ^ t ^ 1 C(^ * n ^qs. 8-82 and 
8-83 


Lp|p| and Lp | u | are user supplied input constants which can be cal- 
culated by strip theory analysis. Test case calculations show these 
terms to be of negligible importance when compared to the roll damping 
from the tail and rotors. 

Theoretically, the viscous forces due to rotation of a symmetric 
hull are zero. However, the simulation code retains terms in T r j r |^, 
Y r ( V |^, Z q) q, h and z q l w l ^ tr account for the small rotary forces which 
can arise due to asymetric flo*’ separation. Ordinarily these can be 
neglected in comparison with the larger unsteady aerodynamic forces 
(Subsection H) and the tail forces arising from vehicle rotation. 


3. Summary of Hull-Only Quasi-Steady Aerodynamics 

The force vector acting at the hull center of volume due to quasi- 
steady aerodynamic effects is comprised of the three components given in 
Eq. 8-63 to 8-65 as well as rotary force terms normally neglected: 



cv * 


a 


x u|u| h u l u l 
Y v|v|h v v yz 
z w|wih w Y yz 


+ Y r|r| h ra) yz + Y r|v| h rV yz 

+ z qiqih qw y z + z qi w ih qV y z 


(8-87) 
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This force includes velocity interference effects (Type A) and the 
Type B Interference effects to be discussed subsequently in Subsec- 
tion G. 

The moment vector acting at the hull center of volume due to quasi- 
steady aerodynamic effects is given by: 


iqs h 


h cv 


a 


LvV™ + L PlPlh p,pl + ^lulhP ^ 1 

^ uw h uw + ^Kih qw y z + ^n»ih qV y* 

N uvh uv + N r | L |^ru)y Z + Nr|v|h rV yz 


( 8 - 88 ) 


Here the relevant equations are Eq. 8-73 to 8-78 and Eq. 8-84 to 8-86. 
Again, Type A and Type B interference effects are included. 

E. QUASI-STEADY TAIL (ON HULL) AERODYNAMICS 

The calculation of tail-on-hull quasi-steady aerodynamic loads is 
based on the assumption of steady rectilinear motion of the tail at 
large local angles of attack and sideslip. These incidence angles are 
derived from the relative local velocity field at the tail aerodynamic 
reference center, which includes those kinematic motion effects due to 
curved flight. Tail loads due to rotation about the tail's reference 

center are negligible except for rolling effects. 

In low incidence flow the fin forces arise from circulation and edge 
vortex effects; this is called the "pre-stall" regime, wherein forces 
depend on dynamic pressure, tail local angles of incidence (a and 8) and 
tail surface deflections. At high incidences, near ±90 deg, the forces 
arise from separated flow effects. This is called the "crossflow" 
regime. Between these is the "stall transition" regime. 

The forces for aft-quadrant flow directions (e.g., incidences from 
±90 to ±180 deg) are assumed to be mirror images of the forward flow 
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forces. This assumption is roughly true for low aspect ratio, sharp 
edged, fins on slender bodies, and it greatly reduces the number of 
input parameters. Should greater precision be desired about a given 
angle of attack or sideslip trim condition, the form of the equations is 
sufficiently flexible to permit fitting it to more localized aerodynamic 
properties, as obtained by test or semi -empirical methods. 

Additional interference effects besides those that were treated in 
Subsection C arise from ground proximity to the tail. This causes an 
increase in the tall local angle of attack (Type A interference) and an 
increase in the tail lifting efficiency (Type B interference). These 
inter. erence effects can be important in the low incidence regime, but 
will be less important in the crossflow and stall transition regimes. 
In the development of the tail force models we assume that the tail lift 
parameters are known a priori. The corrections for the various hull and 
tail Type B interference effects will be presented in Subsection G. 

Before continuing with the detailed equations for quasi-steady tail 
loads, we present the definitions for angle of attack and angle of side- 
slip since they will be needed in the following sections. Here we also 
present corrections to these local incidence angles arising from ground 
on tail velocity interference (Type A) and tail control surface deflec- 
tions. 

1. Tall Aerodynamic Incidence Angles 

The definitions for aerodynamic angle of attack and angle of side- 
slip commonly used in helicopter literature have been adopted in order 
to allow a continuous description of aerodynamic loads for all angles of 
incidence. The definition for angle of attack is the standard one which 
is used in all aircraft applications. However, the angle of sideslip is 
determined by the projection of the relative flow vector on the x-y 
plane of the hull. The algebraic equations for these angles are given 
in terms of the local velocity vector at the tail aerodynamic reference 
center as: 
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(8-89) 
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a = tan“l(w/u) 

8 = tan -1 (v/u) (8-90) 

where, u, v, and w are the three components of (vfj C )' given in Eq. 
8-35. 

The tail rolling moment due to rolling velocity is calculated from 
the local angle of attack at the nominal tail tip location [also 

referred to as the non-dimensional roll-rate in the literature (Ref. 
8-15)]. 

°p 5 tan-1 (S-,1) 

where b t is the reference tail span and p is the first component of 

3 t 

, from Eq. 8-4. 

2. Tail Surface Deflection and Ground 
Effect Vel tty Interference 

The local tail aerodynamic angles of incidence are affected by 
deflections of the tail control surfaces and ground proximity (Type A 
interference). The deflection of the tail surfaces causes a change in 
the local angle of attack (due to elevator), local sideslip (due to 
rudder), and local rolling angle of attack (due to ailerons), which is 
calculated by a simple model based on the tail deflection angle (6) and 
a control surface effectiveness parameter (t). Ground proximity causes 
a reduction in the induced angle of attack at the tail aerodynamic 
center due to the straightening effect of the ground plane. 

For small angles of deflection, the change in local tail incidence 
due to tail control surface deflection is linearly related to the 
deflection angle with a correction for movable tail surface geometry. 
When the deflections become large (greater than 60 deg), the effective- 
ness of the movable tail surfaces becomes severely limited. The follow- 
ing model accounts for the change in tail surface efficiency with 
increasing deflection angles and was taken from Ref. 8-6: 
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a' 

■ a + T e sin 6 e 

(8-92) 

8' 

* 8 + T r sin 6 r 

(8-93) 

a p ' 

■ ap + T a sin 6 a 

(8-94) 


where the primed notation here Indicates that the aerodynamic angles 
have been corrected for tail surface deflections, and 

6 . 6 are the elevator, rudder, and aileron 
c r 3 

deflections, respectively 

x , x_, t are the tail surface effectiveness 

parameters for the elevator, rudder, 
and ailerons, respectively 

The values for the tail effectiveness parameters are user input con- 
stants, determined from the movable surface planform and the area of the 
respective movable surfaces as percentages of the fixed tail areas. 

The calculation of the velocity ground effect (Type A) on a lifting 
wing is based on a potential flow model of the ground plane as a 
reflecting vortex system. The strength of this reflecting vortex is 
dependent upon the lifting efficiency of the tail (lift curve slope) and 

A 

the nondimensional height of the tail above the ground plane h^ = (ver- 
tical location of the horizontal tail/b t ). This ground effect decreases 
with the inverse square of the nondimensional tail height, becoming neg- 
ligible for tail locations greater than three tail spans above the 
ground. As a result, this correction will be unimportant except for 

mooring and rolling takeoff calculations. The following approximate 
model is based upon the equations given by Etkin (Ref. 8-15): 

(a)' " (TIAC)a (8-95) 
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(a)' denotes that the tall angle of attack has been 
corrected for ground effects, and 

T1AC = [(3e gi /3e)(3e/3a)] + 1 

3Cgi/3e is the rate of change of the ground- 
induced downwash angle with respect 
to the tail-induced downwash angle 

3e/3a is the rate of change of tall-induced 
downwash angle with respect to tail 
freestream angle of attack 

and are given by: 

1 


1 + (KGTB)(h t ) 

-(S) 

In these equations, 


3e g i 
3 £ 


Be 

da 


(8-96) 


(8-97) 


(8-98) 


KGTB is an input constant 

h t h t /b t , the height of tail aerodynamic 

reference center normalized. 


Z 2 is a an input parameter defined in Eq. 8-144 

aV t of the following subsection 


The effects of ground proximity on the local tail angle of sideslip 
and rolling angle of attack are neglected as being small in comparison 
with the preceding tail surface deflection and ground-induced downwash 
corrections. 
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The equations for the local tail incidence angles, including the 
effects of tall surface deflections and ground proximity, are given by: 


V 

(«)' 

* [a + (t e sin 6 e )](TlAC) 

(8-99) 


(8)' 

* 8 + (t r sin 6 r ) 

(8-100) 


(«p)' 

“ ap + (T a sin 6 a ) 

(8-101) 


where the primed ( )' notation now indicates that the tall aerodynamic 
incidences have been corrected for both tail surface deflection and 
ground proximity effects. 

The rolling angle of attack correction of Eq. 8-101 is used in the 
model for tall rolling moment due to roll rate. However, aileron 
deflection does not affect the generation of side force due to roll 
rate, which Is also indexed to the rolling angle of attack. For this 
case the uncorrected rolling angle of attack (a ) given in Eq. 8-91 is 
used and will be distinguished from the adjusted value by the second 
subscript, "o": 

a P 0 * tan ’H2^r) (8-102) 

In Che discussion that follows, the tail local incidence angles 
refer to the final corrected values of Eqs. 8-99 to 8-102. 

3. Definitions for Large Angles of Incidence 

The following definitions c or reflected (supplementary) angles of 
incidence allow the use of single-quadrant equations in the tail aero- 
dynamic models: 
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a | at | < ir/2 


\ir[sgn a] - a ir/2 < | at | < w 


(8-103) 


8 ' 


0 

n[sga 0] - 0 


181 < tt/2 
tt/2 < |3| < tt 


(8-104) 


( a P 

a P * ) 

U[sgn op] - Op 


| Op | < v/2 
tt/ 2 < |ap| < n 


(8-105) 


a Po 

Msgn dpj - ap o 


l Op 0 1 < "/ 2 
ir/2< | Op o | < tt 


(8-106) 


la these equations, the singles on the right hand side are defined 
by the primed quantities in Eq. 8-99 to 8-101. Further, the sign func- 
tion is given by: 


-1-1 A > 0 

A - (8-107) 

-1 A < 0 

The three tail incidence regimes (i.e., pre-stall, transition, and 
crossflow) ur:«=r* in each of the aerodynamic force and moment models 
(except for axial force) are defined ir. terms of six parameters ( oq , 02 , 
0 1 , 82 » a pi » <*p 2 ) as follows: 
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TABLE 8-1. TAIL AERODYNAMIC REGIMES 



a' 

8' 

°P (and a Po ) 

Pre-Stall 

|a'| < a* 

18' 1 < 8i 

1 1 ^ 

Stall 




Transition 

ai < |a | < 02 

01 < 18' 1 < 02 

Qpi ^ 1 Op | K Op2 

Crossflow 

a2 < |a'| < x/2 

0 2 < I8'l < */2 

Op 2 < 1 Up 1 < x/2 




( 


t 


l 


4. Tall Forces 


Tail forces are modeled for the combination of fins on the hull, so 
lift carryover and mutual hull/fin Interference effects are subsumed in 
the net tall coefficients. T or simplicity, the tail forces are assumed 
to pass through zero st zero incidence. At low angles of incidence 
(pre-stall) the normal forces (Z and Y) are modeled by a sum *. xinear 
effects proportional to (o', S', a£) and leading edge vortex effects 
proportional to (a S Op^). 


Instead of the conventional practice of r 'iting Z as a product of 
total dynamic pressure (« V^) and coefflcier a ependent on a' and S' » 
we have found it more efficient to use the dynamic pressure perpendicu- 
lar r.o the relevant span (~ V^ 2t ). By doing this, the Z-force slope 
Cz a becomes nearxy constant for all S'* Similarly for lateral forces, 
referencing to v£y t allows the use of a single slope Cy , which is nearly 
constant for all a'. This agrees with skewed-wing theory (Ref. 8-6), 
matches data well, and simplifies the simulation of large incidences. 
At large angles of attack (post-stall), the tail's normal forces are 
modeled by an extension of the hull crossflow theory cova_e>' c'-ove, 
with and Cc z being the crosswind drag coefficients of the (on 

hull) assembly. In the stall transition r ^ime, the tall force-’ are 
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linearly interpolated between those at and 02 ; Bj and $ 2 - : an< ^ opj and 
respectively* 

The tail axial force is closely proportional, over a large angle 
range, to a constant (predominantly skin friction) coefficient times the 
axial component of relative velocity (u) squared: 


x t " 0 X u , u | t u|u| (8-108) 

where is an input parameter determined by the user. It is 

related to the conventional aerodynamic quantities according to the 
defining equation: 


V|ul £ = (8-109) 

The tail reference area, S t , is that which is consistent with the 
axial drag coefficient, Ca_. 

The tail static Y-force model shown in Fig. 8-5 is defined by the 
following equations: 

Pre-Stall : i 3 ' i < 81 ; all a and Op 

Y t s = 0 ' + Vv^ 2'ie'*] v xy t (8-110) 


mere 


V 


x Yt 



( 8 - 111 ) 


Crossflow : 0£ * 1 3 ' I < x/2 ; all a' and 

Y t s * oY v|v| t W yZt 


( 8 - 112 ) 
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Figure 8-5. Tail Static Y-Force Model 

where 


Vy 2t = /V 2 + W 2 


(8-113) 


Transition : 81 < 8* < 82 > a ii a, anc * a p 


: r =* Y t ( 3 1 ) + [— — i (8' “ 8l) (8-114) 

s 82 “ 81 


where Y t (8^5 is determined from Eq. 8-110 with 8 * 8i» 


and 


Y t (8?) = a V2 v yz 2 Y v|vl 


(8-115) 
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where 

el 

= 8^ sgn 3 

(8-116) 


H 

= 02 s 8 n 3 

(8-117) 


v 2 

* V xyt sin 0 2 

(8-118) 


Vv. 2 

= /w ^ + r2 

(8-119) 


Neglecting some higher-order effects of overlapping a, 3, and Op 

regimes, the dynamic Y-forces (i.e., those due to rolling velocities 

about the tail aerodynamic reference center) are calculated similarly. 

Note that a n rather than a„ is used, s J nce the ailerons do not con- 
Po P 

tribute to the dynamic Y-forces. 


Pre-Stall: 



jOj^l < <3p ^ i all a' and 0' 

" ^Vt °Po + Y a2y2 “Po ‘“Po'^xyt 


(8-120) 


Crossflow : < |a^ 0 l 4 */2; all a' and 0' 

Yf d * ° Y p|p| t PlPl 


(8-121) 


Transition: ctp^ < < Op2> a ll a " an d &' 


‘td ^ PI 


T uWi J + 


y t d (^2 0 ) - *t d Wl 0 ) 

“fZo ‘ “h 0 


Wo - <4lJ <*- 122 > 


and 


^ c d^ a Pi ) ^ eterra ^ ne ^ from Eq. 8-120 with a^ Q = 

Y t d K , ; “ °P 2 lp 2 |Y PlF!t (8_123) 
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api sgn Op o 

Op 2 sgn Op o 

(2V pt /b t ) sin o^ o 
/u 2 + (pb t /2) 2 


The tail z-forces are given by: 

Pre-Stall * |a'| < aj; all g' and 

z t * ^aV 2 ,.^ + Z a 2 V 2 t a ' ,a ' | ] v xz t 

where 

v xz t 55 /u 2 + w 2 


Crossflow: <*2 < |a'l < it/2; all 8' and a£ 

z t * °Zw|w| c w ^yz t 


Transition: < a' < <12 ; all g' and 

iZ t (a2> - Z t (ai) 


Z t - Z t (ai) + 


a 2 ■ a l 


(a' - a[) 


where Z t (ai) is determined from Eq. 8-128 with a' * a^, and 


Z t (a2) * fl *2 ^yz2Zw|w|j- 


(8-124) 

(8-125) 

(8-126) 

(8-127) 


(8-128) 

(8-129) 

(8-130) 


(8-131) 

(8-132) 
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where 


“1 

* 04 sgn a 

(8-133) 

02 

* 02 sgn a 

(8-134) 

W£ 

“ V xz t sin a 2 

(8-135) 

yz 2 

= /v 2 + w | 

(8-136) 


In the preceding equations (Eq. 8-108 to 8-136), the coefficients, 

x u|u| t » Y 0V 2 t * Y 0 2 V 2 t » Y P 1 P 1 1 Y apV 2 t * Y OpV 2 t » Y v|v| t Z 0 v2 t » Z c 1 2 V 2 t , and 
z w|w| t are related to the conventional aerodynamic quantities according 

to the defining equations: 


*11 In It 

= 

(“Po/2)StCA t 

(8-137) 

Y 0V 2 t 

= 

(-P 0 /2)S t C Ygt 

(8-138) 

Y 0 2 V 2 t 

= 

(- Po /2)S t Cy 

H 

(8-139) 

Vt 

= 

(-p 0 /2)S t C Y 

“Pt 

(8-140) 

Y< *p v2 t 

= 

('P 0 /2) s t c Y 0 
“Pt 

(8-141) 

Y plplt 

2 

(-Po/2)^ c V p|p|t 

(8-142) 

Y v|v| t 

2 

(-pQ/2)S t Cc yt 

(8-143) 

Z oV 2 t 

= 

(- Po /2)S t C Zat 

(8-144) 

Z o 2 V 2 t 

= 

(- Po /2)S t C 2 

°t 

(8-145) 

2 w|w| t 

= 

(-p 0 /2)S t C c 

z t 

(8-146) 
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The nondiraensional parameters of Eq. 8-137 through 8-146 (e.g., C. , 

A t 

Cy 9 , etc.) are obtained from available wind tunnel data, see Appen- 
dix^. 

5. Tall Moments 

The normal (Y fc and Z t ) and axial (X^) forces computed at the tail's 
aerodynamic reference center are transferred to the hull c.g. to yield 
net quasi-steady static aerodynamic forces and moments there. The small 
pitching and yawing moments which are measured about the tail's own 
aerodynamic reference center due to pitching and yawing angular veloci- 
ties are neglected in comparison with the large analogous moments on the 
hull (Eqs. 8-84 and 8-86). Significant tail rolling moments arise due 
to static sideslip (dihedral effect) and roll rate (Op). Since the hull 
static and dynamic rolling moments are typically negligible (Subsec- 
tion D, articles . and 2), the analogous tail moments are retained. The 
tail rolling moment de* endency on roll rate (a'p) is assumed to follow 
the same model as was used for the tail dynamic side force (i.e., single 
dependency on a'p). However, the model for tail static rolling moment 
due to sideslip is more complicated, involving a generalized model which 
is dependent on both angle of attack and sideslip. This is necessary to 
account for the inherent asymmetry of the tail static rolling moment 
characteristics. 

The pitching and yawing moments about uhe tail aerodynamic reference 
center due to pitching and yawing velocities and the tail X and Z forces 
due to tail angular velocities are second-order terms and are neglected. 
However, the tail rolling moment due to rolling angle of attack (o^) is 
retained, since it contributes the dominant roll damping of the hull/ 
tail system. The model for this moment is directly analogous to that 
used for the calculation of the dynamic Y-force. Since the tail rolling 
moment generated by roll rate ia the same as that due to an equivalent 
aileron deflection, the tail rolling augle of attack used in the follow- 
ing calculations is that which was corrected for aileron deflection 
effects (Eq. 8-101). The resulting model for tail dynamic rolling 
moment is presented below: 
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Pre-Stall : |a^| < c^; all o' and 0' 

Lt d " °^ L apV 2 t a P + L a§V 2 t “p |a P 1 J V ^y t 


(8-147) 


Crossflow : dp, < |a£| < tt/ 2; all a' and 0' 


L td " oL PlPl t p,pl 


(8-148) 


Transition : Op^ < < o^J a li a ' ant * 

f L td C“P2 ^ “ ^(“Pl) 


'td " L t ; < «p i > 


°P2 " “PI 


(c£ - o^) (8-149) 


where L t< j(°pi) is determined from Eq. 8-147 with ■ a£i, and 


Lt d <a P2^ 0 p 2 lp 2* L PlPl 


and 


a Pl “ °P1 sgn “P 
a P2 * a P2 sgn a P 


(3-150) 


(8-151) 

(8-152) 


P2 



Vp c ) sin a£ 


(8-153) 


with V pt given in Eq. 8-127 L L 2 V 2 * Lp| p | t are related to the 

conventional aerodynamic quantities according to the defining equations: 


TR— 1 151— 2— II 


8-44 



OF POOR QUALITY 


V 2 t 

* (-p 0 /2)S t b t C. 

(8-154) 


* (“P 0 / 2 ) s t b t c A 2 
a Pt 

(8-155) 

L P i P 1 t 

* (-Po/2)Stb t C lplp!t 

(8-156) 

The generation of 
. effect) depends 

tail static rolling moment due 
upon both angle of attack (o') 

to sideslip (dihe- 
and sideslip (P')« 


This results from the change in the rolling moment due to sideslip 
derivative (Lg) with changes in angle of attack, which arises from tails 
with swept-back quarter chord lines • Even for zero angle of attack, 
large dihedral effects may exist as a result of tails which are nonsym- 
metrically disposed on the hull (e.g., vee~ or tee-tails). Surveys of a 
wide range of dihedrals effects at large angles of incidence leads to 
the following five-regime flow model (Fig. 8-6), which is a generaliza- 
tion of the previous three-regime models: 


Pre-Stall : |a'| < cq and |P'| < Pi; all Op 

L t s - °[ L gv 2 t + Wt B ' a 'l v £y t 


(8-157) 


Crossflow : |a'| > 02 and/or |p'| > $2> ®p 


L t s “ a L v|v| t v v yz t 


(8-158) 


a-Stall Transit J «i < |a'| < 02 and IP' 1 < Pi ; all o£ 


Linear interpolation between ai and 02 along constant 0 


't 8 “ L t a («I» *') + 


[ Lt (02 » P') ~ L t (oq , P') 


—7 7 “ 

02 - ai 


(a' - a|) 


(8-159) 
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Figure 8-6. Flow Regimes for Tail, Rolling Moment 

Static Model 
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g-Stall Transition : | a' | < aj and Si < I & ' I < 82 » ^ 

Linear Interpolation between Si aud 82 along constant o' 


L t s " L t s < a '» » 1 > + 


L t (a'» 02) - M«'» &l) 


02 ~ 01 


(0 " 0i) 


(8-160) 


q and 3 Stall Transition : ai < |a'| < 02 and Si < 10' I < 02* all a£ 

Linear Interpolation between and a 2 along constant S' 


L t - L t (ai, S ' ) 2 + 


L t C ' I, 0") - M«l» S') 


(o' - o') (8-161) 


o 2 - <*l 

where L t (o[, 0) is determined from Eq. 8-157 with a' m a', and 


L tg (o 2 , 0 ) o y Vyz t W|v| t (8-162) 

L tg (a', Si) is determined from Eq. 8-157 with 0 * Si, and 

L ts C a '» P2) “ <^ v 2 v yz2 Lv l v lt (8-163) 

L t (ai, 0i ) 2 is determined from Eq- 8-157 with o' * oj and v 2 and V yZ2 
are given in Eqs. 8-118 and 8-119, respectively. L g V 2 t » L g a v 2 t * and 
L v | V | t are related to the conventional aerodynamic quantities according 
to the defining equations: 

L fwv 2 t 

L V | V | c 


-Po 


2 s tb t Ci ft 

c a “0 


(8-164) 


l£o s dCi gt 

~ Stb t 3o 


(8-165) 


~T S t b t C i v , V | t 


(8-166) 
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The preceding expressions for the dihedral effect may seem complex. 
However, they are the minimum complexity required to represent the 
strongly nonlinear variations in rolling moment as a function of angle 
of attack and sideslip which occur within and beyond the conventional 
attached flow regime. For example, it is well known (Ref. 8-16) that 
X-oriented fins give stability (restoring) dihedral effect at large a 
and small 8, and unstable (divergent) dihedral effect if rolled at 
*.5 deg to give equal a and 8* The above equations correctly model this 
effect. When the HLA tail operates in the fully separated crossflow 
regime, the dihedral effect variations become very idiosyncratic func- 
tions of particular fin geometry, and the analytical model may not 
accurately represent specific details. 

6. Summary of Tail-Only Quasi-Stea Aerodynamics 


The force vector acting of the tail centroid due to the quasi-steady 
aerodynamic effects discussed in this subsection is given by: 




*t 


0 

■ 0 

Yts 

+ 0 

*td 


h . 


0 


(8-167) 


where the v^ijus force terms are taken from article 4 (Eq. 8-108 to 
8-146). 

The moment vector acting at the tail centroid contains only rolling 
moment contributions for article 5 (Eq. 8-146 to Eq. 8-166): 




1 


* 


L ts 


L td 

a 

0 

+ 0 

0 


0 


0 


(8-168) 


In both cases the effects of velocity interference (Type A) and tail 
surface deflection are accounted for; the Type B interference eff ;s 
are implicit in the coefficients. 
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F. TYPICAL HULL /TAIL QUAS --STEADY AERODYNAMIC 

CHARACTERISTICS 

This subsection sums the quasi-steady forces and moments of the hull 
and tail at the center of gravity of the hull assembly. The resulting 
model ’s then correlated with wind tunnel data for a classical airship 
design. This serves to expose the generic form of airship aerodynamic 
forces and moments. The aerodynamic force and moment variations of the 
hull and tall components used in an example HLA configuration are also 
presented to illustrate further the hull and tail equations developed 
above. This particular vehicle configuration was used throughout the 
simulation development. 

1. Force and Moment Summation 

The quas 1-steady aerodynamic force acting at the hull center of 
volume Is given by the sum of the hull only force (Eq. 8-87) and the 
tall-only force (Eq. 8—167 ) - 

EQS h " EQSh C * + (8-169) 

The quasi-steady aerodynamic moment Is more complex in that allow- 
ance is made for the tail center of pressure not at the tail reference 
center. The result is expressed as a reduction in the tail centroid 
location relative to the hull center of volume (typically by 10 to 
40 percent) is due to the mutual interference effect of the tail and 
hull (Ref. 8-17). This interference effect is modeled by including cor- 
rection ratios in the moment arm relative to the center uf volume. Thus 
if the geometric moment arm is given by: 

£hcv " l* y z i T (8-170) 
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Chen the modified matrix for expanding the vector cross product Is: 


o ht 

Rhcv x 


0 

“X Z pZ 

Xy p y 

X Z qZ 

0 

-X X q* 

”^yr>' 

^xr x 

0 


(8-171) 


where the hat (~) denotes the modification and the X's are the correc- 
tion ratios. 

In the present model, the lateral offset of the tail centroid from 
the hull center of volume is assumed zero. Further, the vertical center 
cf pressure correction ratios for rolling and pitching are assumed 
equal, that is 


*zp " *zq 


(8-172) 


Only the value of X zq need be specified, whence [Rhcv x ] * s 


'zq 


«hc, 


”*zq z 


X Z qZ 


X xr x 


-X X qX 


(8-173) 
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The resulting quasi-steady aerodynamic moment about the hull assem- 
bly center of gravity is given by: 


iQS h 


T hCV -L 

-Q s h + 


Rh cv 


x Eqsh CV + 


-Q s h C 


56" 


(r-174) 



Implicit in these .results (Eq. 8-169 and 3-174) are b'<th Type A and 
Type B Interference effects. 

2. Validation of Quasi-Steady Model 

The hull and tail aerodynamic models were va-idated ngainst exten- 
sive wind tunnel data for the airships "Akron," "Shenandoah," "R1Q1," 
and the "Goodyear Zeppelins" (Refs. 8-3, 3-13, 8-18, 8-i9, 8-20). 

Static lift, drag, and pitching moment data for the "AKron," with a 
fineness ratio of 6, are plotted in Fig. 8-7. Also shown are the fitted 
simulation model equations converted to wind axl- components. 

The simulation model drag results are within 5 percent of the 
experimental data over a large range of incidences. As expected, the 
predicted hull lift is deficient, in comparison to the data, however, 
the error is less than 10 percent when the hull/tail configuration is 
considered. Bare hull pitching moment characteristics n-atch fairly 
when a separation factor, n^, of 0.75 is used. Pitching moment correla- 
tion with the t il on is not so good, due to the rearward shift of the 
tall center of pressure. However, the low incidence instability and 
higher incidence stability . o typical of airships are matched. Addi- 
tional correlations with ’ igh Incidence and oscillatory (damping) data 
indicate that the hull and tail aerody aic forces are tHimrally valid 
to within about 25 percent accuracy over the entire HI* operational 
flight envelope. Considering That nerly all of the TiLA aerodynamic 
characteristics requiring control can be simulated, furtbe complexity 
in this generic model is hard to justify. 
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Figure 8-7. Comparison of Akron Airship Data with 
Quasi-Steady Models 
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3. Steady Aerodynamics Model of Example Configuration 


The qiasi-steady aerodynamic (model) characteristics for the bare 
hull and hull/tail assembly of the example simulation test configuration 
of Fig. 8-8 are presented in Fig. 8-9 for a constant flight speed of 50 
ft/sec. The hull properties are assumed equal in pitch or yaw, and the 
tall-on-hull properties for the 45 deg vee-tail are assumed to be the 
same in pitch or yaw, except for the rolling moment. Semi-empirical 
methods (Refs. 8-6, 8-7, 8-21, 8-22) were used to estimate the basic 
aerodynamic characteristics. The static Z(Y)-force (Fig. 8-9a) is seen 
to be dominated by the bare null, as a result of the small tall exposed 
area. The static pitching (yawing) moment characteristics (Fig. 8-9b) 
show that the small stable tall contribution is completely overridden by 
the large unstable hull contribution, thereby rendering the vehicle 
statically unstable (metacentric stability not Included). The present 
test case, which has a vee-tail, exhibits large negative rolling moments 
due to sideslip (positive dihedral effect). Figure 8-9c shows signifi- 
cant nonliaearltles in the model for angles of attack of +35 and -35 
deg, owing to the assumed breakdown of attached flow In the stall tran- 
sition regimes. The bare hull damping characteristics for axial and 
non-axial flight are present-id in Fig. 8-9d. While the offsets in 
moments at zero angular rate (q,i * 0) are due to the static hull moment 
characteristics, the significant increase in damping moment with angular 
rate results from the w^ and v^ dependency in Eqs. 8-84 and 8-86. 

G. ADDITIONAL INTERFERENCE EFFECTS 

Subsections C and E, article 2 treated the various velocity (Type A) 
Interference effects on the hull and tail. Additional important inter- 
ference effects arise from the proximity of the rotors and propellers to 
the hull, and the ground to the hull and tail. These effects may sig- 
nificantly alter the drag and lift parameters of the hell and tail (Type 
B Inttrference). For most standard configurations wl.ere the rotor and 
propeller wakes do not directly impinge on the tail surfaces, the Type B 
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Hull 


Length 
Diameter 
Volume 
Tail Area 
Weight 

Lift Propulsi 


240 ft 
103 ft 
1.5 x 10 6 ft 3 
2520 ft 2 
8.89 x 10 4 lb 

Unit (LPU) 


Rotor Diameter 

Propeller Diameter 

Engine Horsepower 
(One per LPU) 

Weight (Each LPU) 

Composite Vehicle 
Weight (lb) 
Buoyancy Ratio 



56 ft 


13 ft 


1524 hp 


9 x io 3 lb 

Unloaded 

Loaded 

125,000 

165,000 

0.92 

0.70 


Figure 8-8. Simulation Test Configuration 
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a) Z or Y Force b) Static Pitching , Yawing Moment 



M(N)x I0' 1 




Figure 8-9. Quasi-Steady Aerodynamic Characteristics 
of the Test Configuration 


TR-I 1 51-2-II 


8-55 



wake interference effects on the tall crossflow drag coefficients will 
not be important. In addition, the effect of ground proximity on the 
tail crossflow drag coefficient 's neglected in comparison to the simi- 
lar effect on the hull* 

The rotor-on-hull interference model is based on the HLA wind tunnel 
data of Ref. 8-1. The model is generalized to represent the similar 
effects of the propeller interference on the hull. The model of ground 
effects on the hull is drawn from wind tunnel experiments on a model of 
the airship Akron, described in Ref. 8-3. The grcond -on-tail interfer- 
ence model is based on wind tunnel data (Ref. 8-6) and a potential flow 
soltlon (Ref. 8-15). 

1 . Rotor-on-Hull Interference 


The data of Ref. 8-1 show a significant increase in hull crossflow 
drag coefficient (Cq^) with the rotor thrust increase for operations in 
the large angle of sideslip regime. This is probably due to the inter- 
action of rotor and hull wakes. For the maximum rotor thrust settings, 
the hull crossflow drag coefficient increases by 80 percent for the 
nominal rotor spacing, with small reductions for more outward rotor 
locations . 

The rotor thrust-velocity-squared (Ux) r0t ° r (with U^, given Eq. 7-51) 
is representative of the rotor self-induced flow energy, the dominant 
source of rotor-on-hull Type B interference. A measure of the induced 
flow energy from all four rotors is obtained from the following defini- 
tion of the total thrust-velocity-squared: 


U T 


total 


4 

= £ 

1*1 


, 2 v rotor i 
(U T ) 


(8-175) 


The ratio of the hull crossflow dr^ ? coefficient with rotors off to that 
obtained with all rotors on is designated (Cc ^)'/Cc ^ where the ( )' 
notation indicates that the hull crossflow drag coefficient has been 
corrected for the interference effect of all rotors. The variation of 
this hull crossflow drag coefficient ratio with total thrust-velocity- 
squared is shown in Fig. 8-10. The data were obtained from Ref. 8-1 for 
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Figure 8-10. Rotor Interference Effect on Hull Crossflow 
Drag Coefficient for Outward Rotor Locations 
(d i 1.5) 

the nominal nondimens ional rotor/hull separation distance (cT of Subsec- 
tion Cl) equal to 1.47. 

As can be seen in Fig. 8-10, the variation of the drag coefficient 
ratio with thrust velocity follows nearly a square law for this configu- 
ration. However, for more outward rotor locations, the wind tunnel data 
show a more linear dependency on thrust velocity. In order to accommo- 
date arbitrary rotor locations, the following general model has been 
adopted: 

* 1 + £ [(KRHA|U T |) + (KRHB UT)] r ° t0r 1 (8-176) 

c yh i-1 
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where U,p Is defined In Eq. 7-51, and KRHA and KRHB are user-supplied 
constants for each rotor obtained from available '/ind tunnel data. This 
hull crossflow drag coefficient correction is reflected in the hull 
crossflow drag parameter as follows: 


, , (c Cyh r 

C^lv| h )' * < 8 - 177 ) 

u yh 

where (^(vlv^* denotes that ^Ivlv^ of Eqs. 8-64 and 8-69 has been cor- 
rected for rotor interference. 

2. Propeller-on-Hull Interference 

The propellers, like the rotors, can cause significant changes in 
the hull crossflow drag coefficient due to wake interaction. The model 
adopted for propeller-on-hull Type B interference is identical to that 
discussed previously for the rotor-on-hull interference. The interfer- 
ence constants of the Eq. 8-174 are redefined for each propeller (KPHA, 
KPHB). When the propeller and rotor hubs are in roughly the same loca- 
tion, the propeller interference constants (KPHA, KPHB) are user 
approximated from the rotor constants and the ratio of the propeller and 
rotor disk areas according to the following relations: 

(KPHA) pr ° P 1 = (KRHA) r0t ° r 1 (a) 1 (8-178) 

(KPHB) pr ° p 1 = {KRHB ) rotor 1 (a) 1 (8-179) 

- , Apropeller 

where (A) 1 i for the ith LPU (same as Eq. 8-37) 

Arotor 

3. Grouud-on-Hull Interference 

The data of Ref. 8-3 show a significant decrease in the hull cross- 
flow drag coefficient (C(^) for crossflow conditions where the height 
of the hull above the ground is reduced to within one hull diameter. 
This decrease in the crossflow drag coefficient with decreasing ground 
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height is due to changes in the leeward hull wake as the ground is 
approached. The data of Ref. 8-3 are plotted, in Fig. 8-11, in terns of 
the drag coefficient ratio (CCy^)'/CCyh where the primed ( )' notation 
denotes that the crossflow drag coefficient has been corrected for 
ground-on~hull interference. These data are plotted as a function of 

A 

normalized hull height h (■ height of the hull center of volume above 
^he ground/hull diameter). The data of Fig. 8-11 indicate that the 
crossflow drag coefficient correction becomes negligible when the height 
of the hull center of volume exceeds one hull diameter. As shown in 
this figure the wind tunnel data follow an exponential function of nor- 
malized hull height, approximated in the following equation: 


Cc 


1 - e 


(K)h 


(8-180) 


where K is the curve fit constant. When the hull oriented upright 
(with $ ■ 0 * 0), the Y-force model is given by: 


W - *h + (AY h ) 


ge 


(8-181) 


where ( )' denotes that has been corrected for ground interference. 
Y^ is given in Eq. 8-64 including the rotor and propeller interference 
effects on ^v|vlh» and 


U*h> 


”Vy l*?l e <K)h *.l»l h 


ge 


(8-182) 


with V” as in Eq. 8-43. When the hull pitch angles are small, the 

dependency on normaj.ized hull height accounts for differences between 
the ground interference effects along the length of the hull. The 

effect of hull roll angle is accounted for by the generalization of the 
side force corrections of Eqs. 8-181 and 8-182: 

(XfJ' • (no interference effect) 


(*h)' 

(Zh)' 


Yh + (A* h ) 
Zh + (AZ h ) 


ge 


ge 


(8-183) 

(8-184) 

(8-185) 
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A h 

Nondimensional Hull Height, h= -g- 


Figure 8-11. Ground Interference Effect on Hull 
Crossflow Drag Coefficient 

and X^, Y h , are given in Eqs. 8-58, 8-64, and 8-65 and are corrected 
for rotor and propeller interference according to Subsection G, Articles 
1 and 2. 

(AY h ) ge = 4 CV |v® CV | (e (KGHB)h )(cos 4> h )(FWABH) (8-186) 

(AZ h ) ge S -vj CV |vj CV | (e (KGHB)h )(sin * h )(FVVABH) (8-187) 

where 

given in Eq. 8-57 


FVVABH 



(8-188) 
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4. Ground-oa-Tail Interference 


The presence of the ground plane causes an increase in the tail cir- 
culation and lift effectiveness (2^2 ) due t0 the favorable interfer- 
ence of the ground plane on the three-dimensional flow characteristics 
of the tail (Ref. 8-6). The following simplified exponential model 
based on nondimensional height of the tail above the ground h t (■ tail 
height, h t /tail span, b t ) was developed from data given in Hoerner 
(Ref. 8-6): 


( 2 aV2 t )' * Z a»\ l TCLC > 


(8-189) 


where ( )' denotes that the tail circulation lift parameter (Z aV 2 ) has 
been corrected for ground effects, and 


TCLC - l/[l - e < KGTA > h t] 


(8-190) 


In this expression, h t 5 tail height above the ground divided by b fc = 
user-supplied effective tail span (same value as in Subsection E, Arti- 
u'° 1), and KGTA is a user-supplied input constant. 

The effects of roll and pitch any’e on the tail ground effect calcu- 
lations are ignored in addition to the unknown effects of ground prox- 
imity on the tail vortex lift effectiveness (Z^^ )• 

H. UNSTEADY AERODYNAMICS AND BUOYANCY 

The airship's low relative density (buoyancy force/weight) makes its 
static buoyancy force contribution very significant and gives rise to 
the airship's relative sensitivity to unsteady aerodynamic loads, 
neither of which are generally of great importance for conventional air- 
craft. This section presents equations for these effects while making 
careful distinction among the several categories of loads involved. 

The various loads can be classified in three categories. The first 
category of loads are those which arise from momentum changes in the 
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local flow due to accelerations of the vehicle or the airmass. These so 
called "apparent mass" effects impart large forces and moments to the 
hull and tall. 

The second category of loads are those which arise from 
dependent build up of the bound-vortex patterns accompanying 1 ting 
surfaces. The importance of this category of loads, so-called "circu- 
lation lag" effects depends upon the lifting characteristics of th<? 
individual elements. 

Buoyancy loads are in the third category and arise from pressure 
gradients in the atmospher surrounding the HJ.A. The vertical pressure 
gradient induced by the earth's gravitational field produces the static 
buoyancy of the airship. Accelerated ambient flow fields also have 
pressure gradients which give rise to loads which are analogous to the 
static buoyancy forces. These are often termed "horizontal buoyancy" 
forces although the aurr unding airmass can accelerate vertically as 
well. More precisely they are termed "buoyancy pressure gradient" 
forces. These loads depend on the inertial acceleration of the ambient 
flow, and the displaced volume of the hull. The tail does not experi- 
ence buoyancy loads since its displaced volume is negligible. 

Figure 8-12 taken from Ref. 8-23 shows a typical time history of the 
forces imparted to a two-dimensional (i.e., infinite span) wing during a 
step up gust encounter. The initial (infinite) impulsive force arises 
from the (Instantaneous) momentum change in the local ow which accomp- 
anies the abrupt alteration of the steady stream ilnes. This is the 
"apparent mass" effect. Following this, a bleedoff in the impulsive 
force occurs with the force level approaching that given by the quasi- 
steady model. The lag in the bleed-off of the impulsive forces results 
from the time required for the bound vortex to reach a steady state con- 
dition. 

The circulation lag effects on an airship hull are very small since 
it experiences only small circulation lift forces (Subsection D). To be 
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< 2222 ' 


U 0 = Constant 


w = Constant 



Mass 

Effect" 


Figure 8-12. Typical Tail Vertical Force '.ime History During 
a Step Up-Gust Encounter (From Ref. 8-23) 

consistent with the previous omission of the hull lift forces at low 
angles of attack (2-alpha flow), these associated circulation lag 
effects are omitted. However, the -pparent mass effects are very appre- 
ciable for the hull, contributing the dominant source of vehicle loads 
for unsteady motion. 

The tall experiences loads due to both circulation lag and apparent 

mass effects. The former is highly sensitive to the effective tail 
2 

aspect ratio (b t /S t ), with a value of 1 or 2 being typical of airships. 
For quasi-steady flow, the tail forces contribute only a small fraction 
of the total (hull tail) aerodynamic forces due to the typically small 
relative tall size. This was demonstrated in the quasi-steady results 
of Subsection F. The circulation lag effects, which are only a small 

fraction of the typically small quasi-steady tail forces, may be 
neglected in comparison with the larger tail apparent mass loads. 
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Inclusion of call circulation lag effects should be considered for con- 
figurations with unusually large tail surfaces of high aspect ratio. 

Summarizing the above simplifications, the unsteady aerodynamic 
effects which are modeled in the simulation are: the apparent mass 

effects on the hull and tail, and the buoyancy pressure gradient effects 
on the hull. These models are based on the potential flow solutions of 
Refs. 8-1 i, and 8-24 to 8-27. Th° associated effects of rotor, propel- 
ler and ground interference are unknown and therefore neglected. The 
unsteady aerodynamic forces and momenta which arise from flow momentum 
changes (apparent mass effects) are considered first. 

1 . Momentum Changes 

First, a model is presented for determining the unsteady loads on 
the hull, with later generalizations to allow the calculation of corres- 
ponding tail loads. 

As outlined above, unsteady loads result from the energy which an 
accelerating body must impart to the surrounding fluid to cause changes 
in an otherwise steady flow field, or the energy Imparted to a trimmed 
vehicle by an accelerating flow field (e.g. a gust). The original deri- 
vation of accelerated motion forces are due to Kelvin, Ref. 8-24 and 
Lamb, Ref. 8-25 and were based on equations for imparted fluid kinetic 
energy. These concepts were accurately applied by many British and 
<. .irlcan scientists working on the airship problem in the early part of 
this century. Most notable at a publications by Munk, Ref. 8-26 and 
Imlay Ref. 8-27. 

An alternate approach to the kinetic energy solution is given by 
Zahr (Ref. 8-11), who considered the ticje rates of change of the linear 
and angular momentum of the local flow. following this approach, the 
linear momentum vector of the local flow dui to hull motion is given by: 

Ih " pVlKJhXh C ' (8-191) 
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a C V 

where Is given in Eq. 8-1 (i.e., excluding interference effects), 

and 

Ka 0 0 

0 *-b 0 

0 0 Kj, 

where K a , K^, and K £ are the so-called hull "apparent mass" constants 
which are shape factors determined in part by the fineness ratio of the 
hull (Ref# 8-11). Corrections for separation effects (typically a 

reduction of less than 20 percent) are discussed in Ref. 8-28. 

The hull forces imparted by the surrounding fluid are equal and 
opposite to the fluid forces imparted by the hull. They act at the hull 
center of volume and are determined from Newton's Law by the inertial 
rate of change of the body referenced flow momentum vector: 

?MCh CV - -th - - £h " fat * Ih) (8-193) 

where the subscrip' MC stands for momentum change and is given in 
Eq. 2-31. Since the matrix is referenced to the body axis, its 

time derivative relative to rotating body axes Is zero. So, 

£h ** p¥[Klh CV (8-194) 

where is given in Eq. 8-9. The relative acceleration is dependent 

upon the acceleration of the hull center of volume, vjj cv , given in 

o 

Eq. 8-16 wnlch in turn contains the unknown quantity Vjj a function of 

Oa 

the external forces in Eq. 2-58. For the present, the quantity is 

assumed to be known a priori; the equations will be rearranged in Sub- 
section I, following to accommodate the computational difficulty. 
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Expanding Eqs. (8-193) and (8-194) in jcalar form yields: 


*h - 

-p¥(KaU + Kcq h w - K b r h v) 

(8-195) 

Y h = 

-pV(KbV - KcPhW + Kar h u) 

(8-196) 

z h * 

-pV(K e w + K bPh v - Kaq h u) 

(8-197) 


oo o 

where u, v, and w are components of the relative acceleration vector 


o 
u 

o 
v 

o 
w 

The angular velocities carrying the subscript h, are components of the 
angular velocity of the hull relative to the inertial reference frame 
(repeats Eq. 2-31): 

Ph 

qh = “h (Equation 2 repeated) (8-199) 

r h 

While the subscripted angular velocities are elements of the angular 

3 cv 

velocity relative to the air mass, i.e., of (Eq. 8-2). 

Equation 8-195 to Eq. 8-197 can be expressed in the form: 

^h * °[^u b u + Xqw b 9h w + ^rv b r h v ] (8-200) 

Y h * °[ Y v h ° + Y pWh p h w + Y^rhu] (8-201) 

z h a + Z p v h Phv + 2 qUh qhu] (8-202) 
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where Che parameters X^, X^ w ^, Zq a ^, etc. are simulation input parame- 
ters. These are related to the constants of Eqs. 8-195 through (8-197) 
by the defining equations: 


*sh 

5 -PoVK* 

(8-203) 

^"h 

= -p 0 VK c 

(8-204) 

x rvh 

= PqVK b 

(8-205) 


*v h = -PoVKb 

(8-206) 

pW}, = P„«c 

(8-207) 

rufo ~ * Po^ K a 

(8-208) 


^h 

H -PqVKc 

(8-209) 

Cl 

s -PoVKb 

(8-210) 

Vh 

= PoVKa 

(8-211) 


The hull moment equations are obtained by a similar analysis of the 
angular momentum which is imparted to the surrounding fluid by hull 
motion. As discussed in Refs. 8-11 and 8-29, linear hull motion gives 
rise to an angular momentum vector as a result of the curvature of the 
local streamlines around the hull ellipsoid. The inertial time rate of 
change of this momentum vector results in quasi-steady aerodynamic hull 
moments of Subsection D, article 1 (Eqs. 8-73 to 8-75). When the hull 
experiences angular velocities it Imparts angular momentum to the local 
flow according to the following relation: 
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Hh “ pV[K ] h uh CV (8-212) 

^ cv 

where Is given in Eq. 8-2 (i.e., excluding interference effects), 

and 


U'lh = 


K 


Kb 


0 0 


(8-213) 


where K^, K£, and are the so-called hull "apparent inertia" constants 
which are shape factors determined by the fineness ratio of the hull 
(Ref. 8-11). is set to zero because of the assumed cylindi :al sym- 

metry of the hull. 

The moment vector experienced on the hull due to angular motion is 
obtained from the inertial time of change of the angular momentum vector 
of the local flow: 

Imc£ CV * - »h - - Sh - (jfc x Ph) (8-214) 

As before, the matrix [K'Jjj is body axis referenced; so, 

Hh " P*lK'] h ^ CV (8-215) 

O a 

where is given in Eq. 8-12. Again, the relative angular accelera- 

O a ^»y O 

tion vector, , contains the unknown quantity (Subsection B), 

which in turn depends on the external moments as in Eq. 2-58. As 

o a cv 

before, we assume the quantity ufo is known a priori, and defer the 
computational problem to Subsection I, following. 

'I 
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Expanding Eqs. (8-214) and (8-215) in scalar form yields: 

L h " “P^(^aP + - Kb* h q) (8-216) 


M h * -pv(K£q + K^rhp - K^p h r) (8-217) 


N h * -pV(K^r + KbP h q - K£q h p) (8-218) 


where p, q and r are components of the relative angular acceleration 
vector 


o 

P 


o 

q 


o 

r 


_ °a cv 
= Mi 


(8-219) 


and the corresponding relative angular rates are: 


a cv 
= Mi 


Equation 8-216 to 8-? 18 can be rewritten as: 


L h - ®[ L S h P + L qr h qh r + L rq h r hq] 


( 8 - 220 ' 


Mh * °[ M q h q + M rp h r hP + ^pr h Ph r ] 


(8-221) 


N h * °[ N rh r + N pqhPh** + ^qPh^^P] 


( 8 - 222 ) 
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where the subscript ( ) denotes the inertial angular velocity within the 
parameters Lq^, etc. These parameters are simulation inputs which are 
related to the constants of Eqs. 8-216 to 8-218 by the defining equa- 
tions: 


Lp h = - Po VKa (8-223) 

L 5r h = -Po«^ (8-224) 

Lrq h = Po v *b (8-225) 


<h 

^Ph 

M P r h 


r h 


pqh 


qph 


~Po VK b 


-Po^a 

Po^c 


- Po VK^ 


-Po^b 


P 0 VKa 


(8-226) 


(8-227) 


(8-228) 


(8-229) 


(8-230) 


(8-231) 
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The calculation of tail forces and moments which arise from changes 
in the local flow momentum directly follows the above development for 
the hull. Input parameters are related to the circumscribed area of the 
tail chord and span in lieu of their nonexistent volume. For typical 
airships, the forces which arise from the tail apparent mass effects are 
significantly smaller than the analogous hull forces. However, the 
resulting tail moments about the hull can be Important due to the typi- 
cally long tail arms. Therefore, we retain the first order effects 
which depend on the linear ar>d angular acceleration terms (the first 
terms of Eqs. 8-200 to 8-202 and 8-220 to 8-222) and neglect the remain- 
ing velocity product terms. This approximation is within the overall 
level of accuracy of the hull-plus-tail aerodynamic model. The result- 
ing equations for the force, F^c^S and moment, ImC^ vectors at the 
tail aerodynamic reference center are given by: 


X t - 0 

Y t " oY v t v o Y p t P 
o ° 

Zt * oZw t w 


(8-232) 

(8-233) 

(8-234) 


o 0 o ° 
aLp t p + oL Vc v 




aM qt q 


o o 
oNr t r 


(8-235) 

(8-236) 

(8-237) 


where Y^, Z^, L^, M^, and N? t are simulation input parame- 
ters which are determined by the tail (on hull) geometry (Refs. 8-23 and 
8-28). The Yp t and L° t coefficients account for possible vertical 
separation between the tail centroid for apparent mass effects and the 
hull centerline. In these equations the relative linear accelerations 
from Eq. 8-14 are: 
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o 

u 

o 

V 

o 

w 


and (from Eq. 8-16): 


o 

P 

o 

q 

o 

r 


2. Buoyancy Pressure Gradient Effects 

The static buoyancy force, i.e., without airmass acceleration 
effects, depends upon the geometry and density of the air displaced by 
the hull. It acts at the center of volume of this displaced air, which 
is the geometric center of the exterior envelope. The force is tlven 
by: 


J a t 




(8-239) 


°a 

Vh 


(3-238) 


ESBh V - P v g L hlt° 0 -n T 


(8-240) 


where g is the acceleration due to gravity and is the direction 

cosine matrix defined in Eq. 2-6. 

Dynamic buoyancy forces are imparted by fluid pressure gradients 
required to accelerate the flow. These forces are in addition to the 
momentum change forces and moments discussed above. The pressure 
gradient vector arising from the accelerated flow condition is given in 
hull reference axes by: 
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Eh“ cv 


3p/3x 

3p/3y 

3p/3z 


am cv 


■ -»(£*"), 


Total 


( 8 - 241 ) 


where (V^® CV )T ota i is given in Eq. (8-18) 

The force vector exerted on the hull is obtained by integrating over 
the envelope volume, 



V 

-III rT CV dxdydz 


o 


( 8 - 242 ) 


where dxdydz s dV. The dynamic buoyancy fores vector is therefore given 
by: 



pV(vT cv ) 


Total 


( 8 - 243 ) 


Because the total effective airmass acceleration consists of both 
acceleration and gradient terms, the dynamic buoyance can be written as 
the sum of a gust acceleration term and a gust gradient term, viz: 



„ hcv 
FGAB h 


+ FcgB 


hcv 

h 


( 8 - 244 ) 


where the gust acceleration term is: 


FGAB 


hcv 

h 


• Am CV 

pvv|T 


( 8 - 245 ) 
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and the gust gradient term is: 


EggbS cv 




• am cv 

av h 

3R 


..am cv 

Yh 


(8-246) 


The total buoyancy force acting at the hull center of volume is the sum 
of the static and the two gust terms: 


hcv hcv hcv hcv , a 9/7 v 

l& h ” F SBh + EGAB h + YGGB h (8-247) 

I. COMPUTATIONAL CONSIDERATIONS AND EXAMPLE 

This subsection collects and summarizes the several contributions to 

the aerodynamics acting on the hull/tail assembly of the HLA. Certain 

o o 

of these terms are functions of the hull accelerations, V.h and (&> mean- 
ing that these unknowns appear on both sides of the matrix equations of 
motion. This introduces a computational difficulty which is resolved by 
moving these terms to the left-hand side, thereby augmenting the hull 
assembly inertia matrix, [ I^ 1 J h » see Section 2, Subsection F. The sub- 
section concludes with an illustrative example of the aerodynamic load 
contributions during a gust encounter, thereby providing an illustrative 
example of the relative Importance of the several load contributors. 

1. Load Term Summary and Equation Arrangement 

a. Hull-Only at the Hull Center of Volume, CV 

(Then the quasi-stedy and momentum change forces are summed, the 
result can be separated into a relative acceleration dependent term and 
a term dependent upon steady flow effects, e.g., products of velocities, 
etc. For the hull only, the resulting summation yields: 
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„ hcv , hcv u ,,a cv , „ h 
ZMC h 4 *QS h " MhFjVh + ZSF h 


hcv 


(8-248) 


where the left hand side terms are defined in Eq. 8-193 and 8-87, and 
MhF^ Is a diagonal matrix given by: 


M hFi 




oY 


v h 


oZ, 


«h 


hcv 


The steady flow force vector, FgHu » is given by: 


(8-249) 


_ hcv 
-SF h 


_ hcv 
lQS h + 


x qwh c lh w 4 ^rv^ r h v 
^pwjjPh w 4 ^rw^rh 11 


2pvjjPh v 4 Zqw^qhu 


(8-250) 


where the second vector on the right hand side is taken from the velo- 
city dependent terms in Eq. 8-200 through 8-202. 

A similar equation holds for the hull-only moments 



+ T, 


hcv 


±QS h 


T °a cv 
ihTiSh 


4 ISF h 


hcv 


(8-251) 


where the left hand side terras are given in Eqs. 8-214 and 8-88, and 
is a diagonal matrix given by: 
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I hT 1 



0 

0 


0 

0 


0 

0 


(8-252) 


The steady flow moment vector is given by 


T hcv 
ISF h 


T hCV 4. 

-Q s h + 


L qr h 9h r + L rq h r h9 


rqh 


M rph r hP + M prh p h r 


P^h 


N pqh Phq + N qph q h p 


(8-253) 


where the second vector on the right hand side is taken from the angular 
velocity dependent terms in Eq. 8-220 through 8-222. Recall that the 
velocities carrying the subscript, h, in Eq. 8-250 and 8-253 are rela- 
tive Inertial space; those without a subscript are relative to the mov- 
ing airmass. 

The relative acceleration dependent term in Eq. 8-248 is expanded by 
substituting Eq. 8-9 for the acceleration at the center of volume: 


„„am cv 

o o,o 3 Vk 

.. cv _ „ „hcv „ „am cv , „ - n „a cv 

M hFiYh M hFiYh ' M hFl V h + M hF x — ¥h 


hcv hcv hcv 

£aD^ + £.GA h + £GG h 


(8-254) 

(3-255) 
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The three terns on the right are respectively the acceleration dependent 
tern, the gust acceleration tern, and the gust gradient tern. The ele- 
nents of the M v » matrix have the dimensions of mass. The second two 


terms 

terns: 


‘hFj 

in the simulation printout are identified as gust derivative 




+ f G g 


hcv 

h 


(8-256) 


The steady flow and gust derivative terms are alsc ied separately 
in the printout: 


Esfgd 


hcv 

h 



+ £gd 


hcv 

h 


(8-257) 


Finally, all the hull-only aerodynamic forces at the hull center of 
volume are summed from Eq. 8-257, 8-255, and 8-247 (buoyancy force): 







+ Iad 


hcv 

h 


(8-258) 


A similar development holds for the hull-only moments at the hull 
center of volume. Thus, the relative acceleration dependent term ?f 
Eq. 8-251 is given by 


_ °a cv 

JhT^h 


T °hcv _ °am cv 
I hT 1 ii?h " I hT 1 “h 


(8-259) 



, « hcv 
+ ^A h 


+ Igg 


hcv 

h 


(6-260) 


TR-1 151-2-11 


8-77 



ORIGINAL PAGH IS 
OF POOR QUALITY 


where the hall only gust gradient dependent moment is identically zero 

hcv 

at the center of volume (Igg^ =0). Thus the gust derivative moments 
are: 





(8-261) 


The steady flow and gust derivative terms are separately summed: 


ISFGD 


hcv 

h 


T hcv 
-SF h 


m hcv 
TGD h 


(8-262) 


All the hull only aerodynamic torques acting at the hull center of 
volume are given by: 



ISFGd 


hcv 

h 



(8-263) 


b. Tall-Only at the Tail Centroid, t 

Equations 8-248 to 8-263 pertain to the aerodynamic forces and 
moments of the hull alone acting at the hull center of volume. A simi- 
lar development holds for the tail-only forces and moments rating at the 
tail centroid. The momentum change and quasi-steady forces are summed: 

hiC? 4 Eqs^ - M tFl v£ f + K tF °^ + Fsp^ (8-264) 


where the left hand side terms are defined in Eq. 8-232 through 8-234 
and 8-167. There are two matrices. The first carries the dimensions of 
mass and is given by: 
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0 


0 



M tFi 


0 oY® t 0 

0 0 oz£„ 

t 


(8-26b) 


The second has the dimension of mass times length and is given by: 


KtF, 


oY Pt ° 


0 


(8-266) 


Since there are no velocity dependent terms in tie momentum change 
forces, the steady flow and quasi-steady forces are the same: 




(8-267) 


As for the hull, there Is a similar development for the tail-alone 
moments. The momentum change and quasi-steady moments are summed yield- 
ing: 




o a t °at 

IfTja + KtTjVj, 


+ ISF 


lit 

h 


(8-268) 
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where the left hand side terms are given in Eq. 8-235 through 8-237 and 
Eq. 8-168, respectively. The first matrix (moment of inertia dimen- 
sions) is given by: 



0 



I tT 1 


0 0Mq t 0 

0 0 aN° t 


(8-269) 


The second matrix has the dimensions of mass times length: 


oL 


▼t 


"tTi 


(8-270) 


There are no velocity dependent momentum change terms whence: 

ISF^ * IQS^ (8-271) 

The relative acceleration dependent terms in Eq. 8-264 are given by: 

MtFi¥h C + K tF 1 !ih t * (MtFi^ + KtFilSh*) “ ( M tF 1 Yh” C + K tFii5fc m L ) 

(8-272) 

3Vh“ C at 
+ M tFi 3R Kh 

■ EadJ^ + EGA^ + Eg G^ C (8-273) 
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As before, the three right hand side terns are defined as the accelera- 
tion-dependent, the gust acceleration and gust gradient terns. The 
second two terns are summed separately in the simulation printout as the 
gust derivative terms: 




+ iGG 


ht 

h 


(8-274) 


The steady flow and gust derivative terms are separately summed as well: 

ESFGD^ " ESF^ + EGD^ (8-275) 


Finally, all the tail-only aerodynamic forces are summed at the tail 
centroid: 



Esfgd 


ht 


+ Ead 


ht 

h 


(8-276) 


The tail only moments are similarly handled. Tne relative accelera- 
tion dependent terms of Eq. 8-268 are: 


_ °at 
I tTi“h 


K V at 

K tTiEh 


C I tT i ‘*?ta t + KtTiEh^ 


(8-277) 


3V aa C 

(t °am t . „am t-> , „ - h „at 

C I tT 1 5^h + KtT^h J + K tTl — v h 


ht ht , ht 

lAD h + lGA h + lGG h 


(8-278) 
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where Che right hand side terms are the acceleration-dependent, gust 
acceleration and gust gradient dependent terms, respectively. The 
second two terms are separately summed as the gust derivative terms: 

IgdJ' - IcaJ' + JOG? (8-279) 


The steady flow and gust derivative terms are also separately summed: 


ISFGD^ * ISF^ + IGD^ (8-280) 


All tall only moments are summed at the tall centroid giving: 

lA^ ■ ISFGD^ + IadJ* (8-281) 


c. Hull and Tall at the Hull Center of Gravity, h 


In Eq. 8-258, 8-263, 8-276 and 8-281 the acceleration dependent 

terms (subscript AD) are functions of the hull linear, and angular, 
o 

b>h acceleration. Tie force summation is: 


hcv ht 

£HAD h * lAD h + EAD h 


(8-282) 


Upon substituting Eq. 8-11, 8-13, 8-15 and 8-17 for the linear and angu- 
lar accelerations there results: 
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(8-283) 


+ j-MhFifRh^ *] - M tFi [Rh C *] + KtF! j Sh 


o o 

+ K l22!h 


(8-284) 


‘•’here use Is made of Che Identities expressed in 5£q. 2-66 througn 2-69. 
The nonent summation about the center-of-gravlty Is given by: 


lHAD h - IadIT + Rh CV * £adJ CV + lAD^ + Rh C * (8-285) 


Upon substituting in for the angular and linear velocities, the follow- 
ing expression results. 


lHAD h * j l r !I CV x j M hF 


! + [Rh" *]M t F l + R tT ! j L 


+ | ^hTj + ItT! - [ R h CV x ]«hF 1 l R h CV *] 


-[Rh' x ]MtF l [ R h t x ] - KtH^ ^ 


+ [Rh C x ] K tF 1 J “h 


(8-286) 


o o 
K 2lYh + *22Sh 


(8-287) 
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These contributions to the aerodynamic loads of the hull assembly are 
subtracted from both sides of the equations of motion for the hull 
assembly. When coefficients are combined on the left hand side an 
effective 6x6 inertia matrix results: 


U h J h 


”o 


r- 


- 

Yh 


YA h ~ YHAD h 


All other 

o 

* 

+ 

forces and 

“h 


lA h - lHAD h 
All aero 


moments 


forces and (8-288) 

moments less 
hull acceleration 
dependent terms 


where the effective inertia matrix is: 




r« ; 

U 

t lh ]h * 

--r - 



[> 1 

1 J 

x 3 partitions 

are: 


r 

1 



Mh 0 0 


M = 

0 M h 0 

-M 


0 0 M h 


Kw ' 

-k 12 


K v * 

-*21 



(8-289) 


(8-290) 


(8-291) 


(8-292) 
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I x 0 


-I 


xz 


I * 


0 Iy 0 


r I 22 


(8-293) 


_I xz 0 


and Kj^, ^21* an< * *22 are 8* ven by the coefficients or Vjj and ojj in 

Eq. 8-283 and 8-286. 


Summarizing the above development, unsteady aerodynamic terms 

involving kinematic accelerations of the hull assembly do not appear 

explicitly in the righthand side force summation, F, of Eq. 2-58. They 

are shifted to the left-hand side of Eq. 2-58 to facilitate solution for 

o 

the acceleration vector, V. In this sense, these unsteady forces and 
moment terms appear as "apparent mass" effects because they increase the 
effective mass characteristics of the hull assembly portion, [ib]^, of 
the overall inertial mass matrix, M, in Eq. 258. However, they do not 
appear in the centrifugal or gravity terms of the applied force vector 
(F). Incorrect formulations have at times been obtained when attempts 
were made to simply augment inertial mass terms in aerodynamic equations 
of motion. Such a case was reported by Flax, Ref. 8-30, who correctly 
identified this source of confusion. 


The remaining hull-tail assembly aerodynamic terms which do appear 
in F of Eq. 2-58 are as follows. The hull-only right hand side force 
terms are given by 


EHAB h 


hcv 

ESFGDh 


+ Eb 


hcv 

h 


(8-294) 
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The corresponding moments about the hull center of gravity are: 


lHAB h 


T hcv 
iSFGDjj 


sir 


Ehabv 


(8-295) 


The tail-only right hand side forces are: 


- TA h 


v ht 

SSFGD^ 


(8-296) 


The corresponding moments (right hand side) are: 

iTAfc “ ISFGD^ t + Sh* x EGD^ 

(8-297) 

, n hcv _ ht , r "ht ht 

+ Sh x SQS h + [Rhcv x J£QS h 


where i.he effective moment arm adjustments of Eq. 8— i 74 for the quasi- 
steady tail only forces have been accounted for. 

The hull and tail right hand side terms are summed as follows. For 
the forces: 


£A h - SHADb * ?HAB h + £TA h 


(8-298) 


For the moments: 


lA h ~ lHAD h * lHAB h + lTA h 


(8-299) 
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Equations 8-298 and 8-299 constitute the hull assembly aerodynamic force 
contribution to F in Eq. 2-5 q . 

4. Typical Bull/Tall Aerodynamic Characteristics 
During a Gust Encounter 

A time history of the force component buildup is shown In Fig. 8-13 
in order to illustrate the relative orders of magnitude of the various 
quasi-steady and unsteady aerodynamic contributions* 

The vehicle is trimmed for a 44 ft/sec axial flight condition, with 
the control system disengaged (open-loop). At the start of the time 
history (t * 0), the vehicle is subjected to an oblique up-gust, tuned 
to excite the natural oscillatory of pitch and roll motion (see Appen- 
dix C for an explanation of the oblique up-gust geometry). 

The solid curve (Cl) of Fig. 8-13 is the total hull/tail Z-force 
(excluding hull static buoyancy which is approximately cancelled by the 
vehicle weight) acting through the hull center of volume. This total 
force is comprised of the following components, also shown in the 
figure: 

C2 Quasi-steady hull and tail force ; sum of quasi-steady components 

due to relative vehicle/airmass linear and angular velocities 

C3 Hull unsteady flow force ; components due to relative hull/ 

alrmass linear and angular acceleration including buoyancy pres- 
sure gradient effects 

C4 Tail unsteady flow force ; components due to relative tail/ 

alrmass linear and angular acceleration. 

C5 Total hull and tail uncte^dy flow force ; sum of C3 and C4 show- 

ing the net contribution of vehicle unsteady flow forces to the 
total Z-force Cl. 

The results of Fig. 8-13 show that the hull and tail unsteady forces 
(C5) comprise a major fraction ? the total z-force. Cl, during the 
entire time history. In fact, for the present example, the quasi-steady 
contributions could be neglected entirely without incurring large 
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errors. One implication is that, because circulation lag corrections 
are generally a small percentage of the quasi-steady forces (which are 
themselves small), the omission of these corrections is probably justi- 
fied. 

More importantly, structural loads are dominated by the unsteady 
flow forces. Design loads would be significantly underestimated if only 
quasi-steady force (C2) or gust (i.e., no gust accelerations) models 
were used. HLAs will be especially susceptible to the unsteady effects 
during mooring and stationkeeping operations. Previous authors (8-31) 
incorrectly estimated critical locds due to gusts when they ignored the 
effects of gust accelerations on vehicle buoyance and "apparent mass" 
loads. 
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PATLOAD AERODYNAMICS 


A. BASIC ASSUMPTIONS 

A review of several references concerning the aerodynamics of pay- 
load (cargo) containers and payload models for dynamic simulations was 
completed (Refs. 9-1, 9-2, and 9-3). References 9-2 and 9-3 describe 
static wind tunnel results and their use in piloted simulation models. 
Reference 9-1 discusses In detail static and dynamic payload aero- 
dynamics models and their Incorporation in numerical simulations. 

The major conclusion to be drawn from the aerodynamic data of 
Ref. 9-2 is that payload (cargo container) wind tunnel data are highly 
configuration-sensitive, with strong asymmetries resulting from asym- 
metric vortex shedding and dependency on corner geometry and construc- 
tion precision. The generic modeling of the extrema nonlinearity of the 
data would require many parameters to describe forces in the various 
flow regimes (analogous to the tail parameters o^, c^, etc.). The 
extensive analyses conducted in Ref. 9-1 suggest that the typical pay- 
load limit cycle motion is not obtainable from numerical simulation 
without the incorporation of complex hysteresis models of the local flow 
field separation characteristics. 

Because of the severe configuration dependency of typical payload 
aerodynamic data, a simple crossflow model has been adop-jd. Consis- 
tent with this approach, all interference effects on the payload are 
neglected. However, the software structure allows for the incorporation 
of more complex aerodynamic models that pertain to a specific payload 
geometry. 

B. VELOCITIES RELATIVE TO THE LOCAL AIR MASS 

The payload aerodynamic model depends on the linear and angular 
velocity vectors at the payload aerodynamic reference center (pc). 
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These vectors are determined from the Inertial motion of the payload and 
the outputs from the atmospheric disturbance models Following the sign 
convention adopted for air mass quantities ( c ~ction 5, Subsection B', 
the payload velocity vectors relative to the local air mass are given 
by: 


yj pc - v p pc - \£® pc (9-i) 

a pc p pc am pc /« ->\ 

Up m ~ Up (9-2) 

where Vp® pc , u^® pc are given in Eqs. 6-58 and 6-59, respectively. The 

remaining unknown vectors in the above equations are determined from the 

rigid-body motion of the payload center of gravity (Vp, up) and the 

pc 

location of the payload aerodynamic reference center (R£ ): 


Vp pc 

r - Yp + (up X Rp pC ) 

(9-3; 


" ap 

(9-4) 


and Rp pc is the vector that locates the payload aerodynamic reference 
center with respect to the payload center of gravity, Eq. 2-29. 

C. PAYLOAD AERODYNAMIC FORCES AND MOMENTS 

The simplified payload aerodynamic model is directly analogous to 
that used for the hull. This model is suitable for payloads where the 
Inertial forces dominate the aerodynamic forces and the x-axis is the 
slender axis of the payload with an associated low drag coefficient as 
compared with the y- and z-axis coefficients. 

The static aerodynamic forces and moments follow directly from the 
quasi steady hull aerodynamics given in Section 8, Subsection D. The 
static aerodynamic forces and moments are given by: 
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a 


Xu|u| p “|u| 

Y V|V|p VVy Z 
^w|w| p wY ys 



a 


"vw* 


*uw r 


’uv r 


vw 


uw 


uv 


(9-5) 


(9-6) 


where V y2 , * /v 2 + w 2 and the linear velocities 


are given by: 


u 


'vj pc (D 

V 

- f p pc - 

Vj PC (2) 

w 

pc 

Vp pc (3) 


The dynamic moments are 


(9-7) 


i£a p p c ■ 0 


‘•plplp pip' 
Mq iq i p qiqi 


N r|r )p r I rl 


(9-8) 
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where 


P 


q 


a pc 
•“P 



4 pc u> 

a? PC (2) 

4 PC (3) 


(9-9) 


*u|u|p* ^v|v|p» ^w|w| are input parameters determined by the user. 
These are related to the conventional aerodynamic quantities according 
to the defining relations of Eqs. 8-69, 8-70, and 8-71, with the appro- 
priate paylcad area and the corresponding payload drag coefficients. 

Mq|qjp and N r j r j ^ are obtained from the analogous equations for the 
hull dynamic moments (Eq. 8-82), inserting the respective drag coeffi- 
cients and geometry parameters. The dynamic rolling moment parameter, 
Lpjpip, can be calculated from strip theory but, like the hull. It la of 
negligible Importance to the payload dynamics. 


For typical cable geometries and cargo containers, the static roll- 
ing and pitching moments will be negligible in comparison to the cable 
moments about the payload center of gravity. These parameters have been 
set to zero in the input subroutines, although they appear in the pay- 
load aerodynamic subroutines should their future inclusion be desired. 
The static aerodynamic payload yawing moment parameter (N uv ^) has been 
retained as a user input constant, since it will play an important role 
m determining the characteristic motion of the payload. This input 
constant is related to the conventional aerodynamic quantities according 
to the following defining equation: 


’uv 


p o 

2 S P*P C Ng 


(9-10) 
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where 


ip* Sp are payload reference length and reference 
area, respectively 

c Ng the payload state yawing moment derivative 
with respect to sideslip angle (3* radians) 


The force and moment vectors at the payload aerodynamic center 
summed according to: 

<S F pc - ( 9 . 

J 

] tf," ■ <9 

i 

i 


They are then transferred to the payload center of mass: 


% * dp'" <9 

IA P - +(g X rf*) (9 
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TRIM STATE CALCULATIONS 


A. OVERVIEW 

The purpose of the trim function in the simulation programs is to 
calculate the required values of certain simulation variables, called 
controls, which establish a user-specified force and moment balance con- 
dition, called a trim state, in the independent degrees of motion free- 
dom of the vehicle. When used as an initial condition in time history 
calculations, the trim state permits transient-free startup. It also 
serves as an operating point about which the stability and response 
derivatives are computed, see Section 11. 

The three simulations have three different sets of controls and 
degrees of motion freedom. In the mooring simulation the controls are 
the three hull Euler angles; the trim state has zero Euler angle 
accelerations. This is the simplest trim function. The vehicle-alone 
simulation uses the six limited control input points as the controls. 
The trim state consists of specified Euler angles, Euler angle rates, 
and linear velocities relative to the airmass. 

ihe most complex trim function is used for the vehicle-plus-slung- 
payload. Here the payload is trimmed first; the controls are the pay- 
load Euler angles and its location relative to the hull. The trim state 
is payload force and moment equilibrium at the specified Euler angles, 
Euler angle rates and linear velocities relative to the airmass of the 
hull. T his trim establishes the cable tensions acting on the hull which 
are added to the remaining forces in calculating the six linked control 
inputs for the hull. The trim algorithm for this two-body simulation is 
in two stages. 

The basic algorithm proceeds from an initial crude estimate of the 
control values needed for trim, and iteratively solves for the trim 
solution. Along the way it may encounter various limiting conditions 


TR-1 151-2-II 


10-1 



Uiwvi-.-;AL r.\ r r. fs 

OF POOR QUALHY 

which are flagged to tell the simulation user of trim difficulties* 
These difficulties are usually of the sort where the trim algorithm runs 
out of control "power," e.g., calling for excessive rotor collective 
pitch. Other times they are due to one or another form of numerical 
difficulty, most typically encountered when spring forces figure 
prominently in the overall vehicle forces and moments. 

B. TRIM ALGORITHM 

The trim algorithm used in the simulation is a generalization of the 
second method for the solution of a simultaneous set of nonlinear alge- 
braic equations. It is patterned after that used in Refs. 10-1, 10-2, 
and elsewhere. Its basic ideas can be illustrated with a single dimen- 
sion example. 

A solution is sought for the nonlinear algebraic equation 

F(u) « 0 (10-1) 

for which there already exist two approximations, u^, and U 2 * The geo- 
metry is sketched in Fig. 10-1. When a secant is projected through the 
function evaluations F(uj) and F(u 2 >, it estimates a better approxima- 
tion, u new , given by: 


1 new 


ui + F(ui) 


“2 ~ “1 
F(uil - F(u2> 


ujF(u 2) ~ uiF(ui) - u2F(ui) + ujF(uj) 
F(uj) - F(u 2 ) 


/ f ( u 2) \ / F (ei) \ 

y F(u 2) - F(m)j U1 \ + F(u|) - F(u2 )/ 2 


( 10 - 2 ) 


This solution can then be tested fo.- solution Improvement, for formulat- 
ing a new estimate, etc. 
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F(u) 



Figure 10-1. Sketch of Secant Approximation 


The process can be formalized for the one dimensional case as fol- 
lows. A solution vector, ^ - [qj q 2 J T is sought to satisfy the simul- 
taneous set of linear equations 


qi F(u2 ) + q2f(u2) =* 0 

qi + q 2 - 1 


(10-3) 


then predicting u flew according to 

u new * qi^l + q2 u 2 (10-4) 

The problem that arises Is that f(u new ) may be greater than F(uj) or 
F(u 2 ) or both. That is, too large a step is taken and the successive 
approximation algorithm implied earlier will fail to converge. To get 
around this, Eq. 10-3 is reformulated as 
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F(u X ) 

F(u 2 ) 


<11 


(1 - K)F aln 

1 

1 


q2 


1 


(10-5) 


where F min la the smaller of the two evaluations, and equal to F(u^) in 
the example sketch of Fig. 10-1. The solution vector is given by: 




(l-K)F m i n - F(u 2 ) 


(1 - K)F(u x ) - F(u 2 ) 

qi 


F(u 2 ) - F(uj) 


F(u 2 ) - F(uj) 

q2 


-(1 - K)F min + F( U1 ) 


-(1 - K)F(ux) + F(uj ) 


F(u 2 ) - F(ui) 

n n . \ 

F(u 2 ) - F(uj) 


F min* F ( u l> 


( 10 - 6 ) 

As K approaches zero, approaches 1 and q 2 approaches zero. The 
resulting value of u^ ew (Eq. 10-4) approaches u^. Thus the new estimate 
for u is close to that estimate, Uj in this example, which results in 
the smallest value of F(u). The new approximation cannot "jump" far 
away from the better of the two previous approximations. For small K, 
the successive approximations slowly approach the desired answer. 

However, the method can still fa. 1 if F(u) has a local minimum which 

is not a solution, e.g., as in Fig. 10— 1 » In this event, the iteration 

procedure must be restarted from a different set of initial approxima- 
tions, Uj and U 2 * 

The foregoing process is extended to the multidimensional case as 
follows. F(u) is now a multidimensional function vector of a multi- 
dimensional control vector the number of elements being the same for 
F_ and ti. For the HLA vehicle-alone simulation F_ has six elements: 

o o o o o o 

F(u) ■ [u v w p q r]^ (10-7) 
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The control vector corresponds to the six linked controls: 

U « [u c v c w c p c q c F c ] T (10-8) 

For the given trim condition specification (HLA velocity, altitude, 
attitude, etc.), a value of 11 is calculated which approximates setting 
to zero. In the program this estimate is very crude in order to avoid a 
requirement for a configuration-dependent or a user-supplied initial 
estimate. Then six additional u_'s are computed by successively multi- 
plying each element of u_ by a small constant, K « 1. This results in a 
significant departure from the first estimate along each of the six con- 
trol "coordinates." If the element is already zero, it is set to K.* 

For each of the seven values of u^ whicn result, the corresponding 
function vector, F^ is calculated. To assess the relative magnitude of 
these vector functions, a modified Euclidean norm is calculated accord- 
ing to: 

Fi(u) 2 F 2 (u) 2 F 3 (u) 2 

s <y) a ~io + "To + "To 

+ F4(u) 2 + F 3 (u) 2 + F6(u) 2 ( 10-9) 

where Fj, F2, and F3 are the HLA linear accelerations and F4, F5, and F^ 

2 

are the angular accelerations. The factor of 10 means that 1 ft/sec 

2 2 

(or l meter/sec ) is weighted the same as 1 rad/sec in angular accel- 
eration. The norms, S(u) are used to order the _F(u) from F m j n to F ma v . 


*K * 0.001 in the program. 
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Fl(ui) F i(u2) ... Fj(u7) 


<11 


<* - K)F l.ia' 

f 2 Cui ) F2(u2) ••• f 2(H7) 

• • m m m m 


<12 

• 


< l ' K)F 2»1„ 

• 

• • • • • • 

• • • • • • 

F6(ui) F$(u2) ... F$ (u7 ) 


• 

• 

m 


• 

• 

< l - « F <W 

1 1 ... 1 


q7 


1 


( 10 - 10 ) 


where the elements on the right-hand side are taken from the £(u) corre- 
sponding to the minimum value of S(u), the modified Euclidean norm. The 
solution for is used to estimate a better value of u^ according to: 


7 

Hnew " £ qiHi (10-11) 

J-l 


The new estimate, u new , is used to calculate F( u n pu ) and S(u new ). The 
norm is used to make decisions on how to proceed: 

a) If S new > S max , then the step was too large. Cut 
K in half and resolve for q. 

b) If S Rew < S max , then u new represents an improve- 
ment over u ma Y . Replace the corresponding column 
on the left-hand side of Eq. 10-10; replace the 
right-hand side as well if S n < S m ^ n , and re- 
solve for jjj double the value of K (up to a maxi- 
mum of 1.0) each time two successive improvements 
in the trim solution are made. 

As the successive approximation process proceeds, the successive 
values of _F(u_) are tested against a preset tolerance for trim. If K 
becomes less than some present , a local minimum has been found and 

the process is restarted using the best value of u^ (corresponds to S ffl ^ n ) 
determined up to the time the restart decision is made. 
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C. SPECIAL SITUATIONS 


The trim calculation will flag the occurrence of limiting in the 
control variables. For the vehicle, this corresponds to limiting in the 
rotor cyclics or collectives, the propeller collectives, or the tail fin 
deflections. For the payload, it corresponds to cables going slacK — a 
function of the geometry — see the User's Manual, Section 7. 

The reader will recognize that the occurrence of one of the condi- 
tions does not necessarily mean a physically unrealizable state. What 
it usually does mean is the close approach to an untrimmable state, cer- 
tainly a state where it would be impractical to trim the vehicle because 
of the proximity to control saturation about at least one axis. It also 
implies a requirement for a configuration-dependent limit-detecting 
algorithm if partial limiting in the controls is to be allowed. Such 
complication was not felt to be warranted, besides being impractical in 
a general, as opposed to specific, vehicle simulation. 

The mooring simulation represents a special case in a number of 
ways. For one thing, there are generally three equilibrium heading 
angles caused by the fact that most hull configurations are unstable in 
yaw at zero yaw angle relative to the wind. Zero yaw angle corresponds 
to a point of unstable equilibrium. The other two points are stable 
equilibrium points and occur at yaw angles on either side of zero. The 
program will converge to one or the other of these when the user enters 
an appropriate Initial guess for the yaw angle as part of the trim state 
specification. 

In zero wind mooring there is no yaw constraint, and the ua~r must 
specify a heading. For this condition the program inserts an artificial 
yaw spring so that the same three-controller version of the trim algor- 
ithm can be used. However, if there is a single, off-center landing 
gear touching the ground, the vehicle will ado^t a yaw deflection 
against this spring — an artificial trim state. Off-center single 
landing gear locations are not allowed in the mooting simulation in the 
no-wind condition. 
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A. OVERVIEW 

The simulation programs include a set of routines for linearizing 
the motion equations of the vehicle exclusive of its fl_ght control sys- 
tem feedbacks. These equations describe the open-loop dynamics (i.e., 
no flight control system loops closed) of small motion perturbations 
about a selected operating point or trim condition. They are useful for 
various linear systems analyses, in particular for the synthesis of 
flight control laws. 

The equations consist of a simultaneous set of first-order differ- 
ential equations of motion and a set of auxiliary equations for certain 
dependent variables. In addition, the eigenvalues and eigenvectors of 
the system cai be computed as 3 quick check of the characteristic modes 
of vehicle response. The primary purpose of the routines is to provide 
data for the user's own 1 ' near systems analysis routines. 

B. EQUATIONS OF NOTION 

The linearized equations of motion are given by: 

u _ Au + B'u£ c + Bu c + Cug (11-1) 

where the various vectors differ fur each of the three simulations: 

1) State vector, u 
a) HLASIM 

a - [¥h “h *i uif Oi-2) 


TR-1151-2-II 


11-1 



b) HLAPAY 


O’aV^ 

of poor. 


& 

QUALITY 


( ' t W 


[Yh “h 5l Dl Yp £!j> 5h 3l] 


(11-3) 


c) HLAMOR 


1 i - [<S>h 31 ] T 


(11-4) 


2) Linked control vector, (HLAS1M and HLAPAY only) 


'He 


[u, 


• ■ • « » lT 

C V C W C Pc 4c r cJ 


(11-5) 


3) Control vector, u c (HLASIM and HLAPAY only) 

r 1 2 3 4 tJ 

“c " l u c u c u c u c u ci 

where for 1 * 1, 2, 3, 4, (LPU controls): 

u,c 3 [®or‘^^ Ais(i) BjgCi; ^r(i) ®op(^) ^p(l-)] 

and (tail surface controls): 

Uc 3 [ S A 6 E <5 r j T 


( 11 - 6 ) 


(11-7) 


( 11 - 8 ) 


4) Disturbance vector, Ug 
a) HLAPAY 


-8 


r„sam cv sam cv ’sam cv *sam cv san cv 
lYh Yh $!h iihgrad 

..sam t sam t ’sam t *saa t sam t 
Yh Ji>h Yh “h iihgrad 


„saml „sam2 w sam3 „sam4 

Yl -2 Y3 Y4 


..sam pc sam pc i 1 

Xp flp ] 
(11-9) 
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where the gradient vectors are given by: 


sara cv 
Shgrad 


sam cv 
3uh 

3x 


sara cv 
3“h 

ay 


. sam cv 

9vh 

ay 


sara t 
ifhgrad 


. sara t . sam t . sam t 

3% a»h avh 

3x 3y 3y 


(11-10) 


(11-11) 


b) 


HLASIM and HLAMOR — same as HLAPAY, deleting payload 

. . „sam pc , sam pc 

gust inputs, Vp r and u>p 


In Eq. 11-1, the A matrix is tne characteristic matrix of stability 
derivatives for the vehicle. For the HLAMOR simulation it is a 6 x 6; 
for HLASIM, 12 x 12; and for HLAPAY, 24 x 24. 

The B', B, and C matrices have dimensions corresponding to the size 
of the state vector, the two control vectors, and the gust vector. Thus 
the C matrix of response derivatives for the HLAPAY simulation is 24 
rows by 48 columns, whereas the B' matrix for HLASIM is 12 rows x 6 col- 
umns. The 8' and B matrices for HLAMOR are null matrices — no controls 
in this simulation. 

C. AUXILIARY EQUATIONS 

The auxiliary equations relate a selected set of dependent variables 
to the state vector, the control vectors, and the gust vector. In the 
three programs, certain of the loads internal to the vehicle are chosen. 
The load vector is symbolized by F. The auxiliary matrix equation is: 

£ m ^aii ^ ®ail£ c ®aHc ^aUg (11-12) 

where A a , B a , B a , and C a are auxiliary matrices of response derivatives 
of column dimensions depending on the dimensions of u, Uj u c , and Ug 
in the three simulations. The row dimension depends upon the selected 
elements in F. Thus: 
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1) For HLASIM, 



Here F is the column vector of conftraint forces and 
moments acting on the hull at the four LPU attach points. 
F has 24 elements for HLASIM. 

2) For HLAPAY — Same as above, adding the cable force mag- 
nitude, Fj^, j ■ k - 1, 2, 3, 4 (four elements), making 
28 elements In all. 


3) For HLAMOR — Same as for HLASIM, adding the landing gear 

he 

axial force magnitudes, F 8h (3), superscript g ■ 1, 2, 3, 4 
(four elements), also making 28 elements in all for F. 

For analyzing the vehicle-alone gust response, it is sometimes more 
useful to use a vector composed of the three gust components at each of 
the four gust sources — a twelve-element vector. The relationship 
between this vector and Ug defined above for HLASIM is obtained through 
the use of a post-processing routine, see the User's Manual (Vol. Ill), 
Section 10. 

]. DERIVATIVE APPROXIMATION 


All of the matrix elements are partial derivatives of a left-hand 
column vector element (element of u or F) with respect to an element of 
the pertinent rig' ..-hand side vector (element of u, U£ c , u c or Ug), 
holding all other variables fixed at the operating point condition. The 
derivatives are approximated by incrementing the left-hand side vector 
element forward and backward, differencing these two values, and divid- 
ing by two times the increment: 


3f 1 . f i (u j + Au) ~ fj(uj - Au) 

3uj 2Au 


(11-14) 
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where Is an element of u or ? and Uj is an element of u, u^, u c , or 

Ug). 

The size of the Increment is set within the program source codes. 
The current version increments linear velocities, linear positions, and 
gust gradient terms by 0.014 ft/s* ft, or rad. All angular velocities 
and angles except cyclic deflections are incremented by 0<008 rad/sec or 
rad. The cyclic deflection, A^ s -id B^ g , ate incremented by 0.0525 rad. 

The program also checks for pronounced nonlinearities in the vicin- 
ity of the point about which the derivative is estimated, see the User's 
Manual, Section 10. 

B. EIGENVALUES AND EIGENVECTORS 

An IMSL library routine is used for calculating the eigenvalues and 
eigenvectors of the A matrix, see the User's Manual, Section 10. The 
eigenvalues are listed in terms of the real and imaginary parts of a 
complex number. They correspond to the roots of the characteristic 
equation of the vehicle. The eigenvectors are also complex numbers, in 
general, and are listed for each eigenvalue and state variable. These 
numbers correspond to the modal response coefficients for the system. 
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APPENDIX A 


REFERENCES FOR AERODYNAMIC INPUTS 

This appendix is a cross-reference of experimental and analytical 
sources for the calculation of the hull and tail aerodynamic inputs* In 
some cases the cited reference does not relate directly to the specific 
parameter, but rather provides guidance for estimating an input quantity 
based on data for other vehicles. An excellent reference which should 
be consulted for more detailed estimation methods is the Air Force 
Stability and Control Data, "DATCOM," by D. E. Hook and R. D. Finck. 
Volume IV contains a table of default input values. These default 
values are no 1 : automatically selected by the computer, but rather are 
user loaded into the data files as normal inputs to eliminate the 
otherwise uncertain aerodynamic terms. 
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XUDOTH 

8-203 

A— 1* 

A-2, A- 3 


Yv h 

YVDOTH 

8-206 

A— 1, 

A-2, A-3 



ZWDOTH 

8-209 

A— 1, 

A-2, A-3 


L Ph 

LPDOTH 

8-213 

A— 1 > 

A-2, A-3 


< 

MQDOTH 

8-226 

A— 1, 

A-2, A-3 


N °h 

NRDOTH 

8-229 

A-l, 

A-2, A-3 



YVDOTT 

8-233 

A— 1 , 

A-2, A-4, 

A-5 


ZWDOTT 

8-234 

A-l, 

A-2, A-4, 

A- 5 


LVDOTT 

8-235 

A-l 



L Pt 

LPDOTT 

8-235 

A-l, 

A-2, A-4, 

A-5 

< 

MQDOTT 

8-236 

A-l, 

A-2, A-4, 

A-5 

N °t 

NRDOTT 

8-237 

A-l, 

A-2, A-4, 

4-5 

^lulh 

XUUABH 

8-68 

A-6, 

A-7, A-8, 

A-9 

X qwh 

XQWH 

8-204 

A-l, 

A-2, A-3 


x rv h 

XRVH 

8-205 

A-l, 

A-2, A-3 


Y v|v| h 

YWABH 

8-69 

A-8, 

A-10 
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Y r|r| h 

YRRABH 

8-87 

A-l. 

A-2, A-3 

v ru h 

YRUH 

8-208 

A— 1, 

A-2, A-3 

Y r|v| h 

YRVABH 

8-87 

A-8, 

A-l 0 o^lGir!.' , ’„ 7 **77 . (3 

of pog:< quality 

z qlqlh 

ZQQABH 

8-87 



Z P v h 

ZPVH 

| 8-210 

t 

A-l, 

A-2, A-3 

z q% 

ZQUH 

i 

8-211 

A-l, 

A-2, A-3 

z q|w| h 

ZQWABH 

8-87 

■ 


L p 1 p J h 

LPPABH 

8-85 



L p|ulh 

LPUABH 

8-85 



Lvw h 

LVWH 

8-76 

A-l, 

A-2, A-3, A-8, A-l 1 

L qrh 

LQBRH 

8-224 

A-l, 

A-2, A-3 

L rqh 

LRBQH 

8-225 

A-i, 

A-2, A-3 

M qlqlh 

MQQABH 

8-84 

Eqn. 

8-82, A-9 

“uwh 

MUWH 

8-77 

A-l, 

A-9, 

A— 2, A— 3, A— 7 , A— 8, 
A-l 1 

M rph 

MRBPH 

8-227 

I 

A-l, 

A-2, A-3 
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MPBRH 

8-228 

A-l, A-2, A- 3 

M q|wlh 

MQWABH 

8-84 

Eq. 8-83, A-9 

N r|r| h 

NRRABH 

8-86 

Eq. 8-82, A-9 

N uv h 

NUVH 

8-78 

A-l, A-2, A-3, A-7, A-8, 
A-9, A-ll 

N pnh 

NPBQH 

8-230 

A-l, A-2, A-3 

N qph 

NQBPH 

8-231 

A-l, A-2, A-3 

N r |v| h 

NRVABH 

8-86 

Eq. 8-83, A-9 

*u|u| t 

XUUABT 

8-137 

A-6, A-7, A-8, A-9 

Y v|v| t 

YVVABT 

8-143 

A-7, A-8, A-10 

Y P 1 P 1 t 

YPPABT 

8-142 

i 

A-7, A-8, A-10 

Y , r Z 
Ya p V t 

YAPVST 

8-140 

A-6, A-8, A-10, A-l 2, 

A-l 3 

^ w t 

1 

YBVSQT 

8-138 

i 

i 

A-6, A-8, A-10, A-ll, 

A-l 2, A-l 3 

Y »v? 

YBSVST 

8-139 

A-8, A-8, A-10, A-12, 

A-l 3 

v 2 2 

Y Vt 

YAPS VS 

8-141 

A-6, A-8, A-10, A-12, 

A-l 3 

z w|w| t 

ZWWABT 

8-146 

A-7, A-8, A-10 
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2 aw\ 

ZAVSQT 

8-144 

A-6, A-8, A-10, A-ll, 

A-12 

& 2 t 

ZAS VST 

8-145 

A-6, A-8, A-10 

K'lvl,. 

LWABT 

8-66 

A-7, A-8, A-10 

L p 1 p 1 1 

LPPABT 

8-156 

A-7, A-8, A-10 

S V t 

LAPVST 

8-154 

A-8, A-10, A-12 

L s v t 

LBVSQT 

8-164 

A-6, A-8, A-10, A-12 


LBAVST 

8-165 

A-10, A-12 

^pVt 

LAPS VS 

8-155 

A-8, A-10, A-12 

A xc t 

LAMTXQ 

8-171 

A-6, A-8, A-9, A-10, 

A-ll, A-12, A-13 

X x r t 

LAMTXR 

8-171 

A-6, A-7, A-8, A-9, 

A-10, A-ll, A-12, A-13 

A zq t 

LAMTXQ 

8-171 

A-6, A-8, A-9, A-10, 

A-ll, A-12, A-13 

°1 

AL IT 

Table 8-1 

A-10, A-18 

“2 

AL2T 

Table 8-1 

A-10, A-10 

Si 

BETA IT 

Table 8-1 

A-10, A-18 

3 2 

BETA2T 



Table 8-1 

A-10, A-18 
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a Pl 

ALP IT 

Table 8-1 

A-10, A-18 



a P2 

ALP2T 

Table 8-1 

A-10, A-18 



T a 

TAUA 

8-94 

A-10, A-l 1, 

A-l 2, 

A-l 4 

T e 

TAUE 

8-92 

A-10, A-l 1, 

A-l 2, 

A-l 4 

T r 

TAUR 

8-93 

A-10, A-l 1, 

A-12, 

A-l 4 

01 r 

BWK1R1 

BWK1R2 

BWK1R3 

BWK1R4 

7-14 

A-8, A-l 5 



0 2 r 

BWK2R 1 
BWK2R2 
BWK2R3 
BWK2R4 

7-14 

A-8, A-l 5 



Mmax^ r > 

MXBDR1 

MXBDR2 

MXBDR3 

MXBDR4 

7-12 

A-8, A-l 5 



U r 

LWKIR1 

LWK1R2 

LWK1R3 

LWK1R4 

7-14 

A-8, A-l 5 



X2 r 

LWK2R1 

LWK2R2 

LWK2R3 

LWK2R4 

7-14 

A-8, A-l 5 



>W* r > 

MXLDR1 

MXLDR2 

MXLDR3 

MXLDR4 

7-12 

A-8, A- 15 
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KHRA 

KHRA1 
KHRA 2 
KHRA 3 
KHRA 4 

7-68 

Fig. 

7-8, A-15 

KHRB 

KHRB I 
KHRB 2 
KHRB 3 
KHRB 4 

7-68 

Fig. 

7-9, A-15 

KGR 

KGR 1 
KGR 2 
KGR 3 
KGR 4 

7-40 

Fig. 

7-5, A-16 

3 IP 

BWK1P1 

BWK1P2 

BWKIP3 

BWKIP4 

7-14 

A-8, 

A-15 

8 2P 

BWK2P1 

BWK2P2 

BWK2P3 

BWK2P4 

7-14 

A-8, 

A-15 

Mmax» p ) 

MXBDP1 

MXBDPL 

MXBDP3 

MXBDP4 

7-12 

A-8, 

A-15 

UP 

LWK1PI 

LWK1P2 

LWK1P3 

LWKIP4 

7-14 

A-8, 

A-15 

\2P 

LWK2P I 
LWK2P2 
LWK2P3 
LWK2P4 

7-14 

A-8, 

A-15 


A- 7 
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Mmax( AP ) 

MXLDP1 

MXLDP2 

MXLDP3 

MXLDP4 

7-22 

A-8, 

A-15 

KHPA 

KHPA1 

KHPA2 

KHFA3 

KHPA4 

7-68 

Fig. 

7-8, A-15 

KHPB 

KHPB1 
KHPB 2 
KHPB 3 
KHPB4 

7-68 

Fig. 

7- , A-15 

KRP 

KRPl 
KRP 2 
KRP 3 
KRP 4 

7-78 

A-17 


KGP 

KGPl 
KGP 2 
KGP 3 
KGP 4 

7-40 

Fig. 

7-5, A-16 

BI f 

BWK1F1 

BWK1F2 

BWK1F3 

BWK1F4 

7-14 

A-8, 

A-15 

8 2 f 

BWK2^I 

BWK2F2 

BWK2F3 

BWK2F4 

7-14 

A-8, 

A-15 

*W f ) 

MXBDF1 

MXBDF2 

MXBDF3 

MXBDF4 

7-12 

A-8, 

A-15 
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A if 

LWKlFl 

LWK1F2 

LWK1F3 

LWKIF4 

7-14 

A-8, 

A- 15 

A 2* 

LWK2F1 

LWK2F2 

LWK2F3 

LWK2F-' 

7-14 

A-8, 

A-l 5 


MXLDF1 

MXLOF2 

MXLDF3 

MXLDF4 

7-12 

A-8, 

A-l 5 

k^F 

KRF I 
KRF2 
KRF 3 
KRF 4 

7-80 

A-l 7 


KPF 

KPF I 
KPF 2 
KPF 3 
KPF 4 

7-80 

A-17 


KG HA 

KG HA 

8-53 

Fig. 

8-4, A-8 

KGHB 

KGIIB 

8-186, 

8-187 

Fig. 

8-8, A-l 1 

KRHA 

KRHA1 
KRHA 2 
KRHA 3 
KRHA 4 

8-176 

Fig. 

8-10, A-15 

KRHB 

KRHB 1 
KRHB 2 
KRHB 3 
KRHB 4 

8-176 

Fig. 

8-10, A-15 
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KRHC 

KRHC 1 
KRHC 2 
KRHC 3 
KRHC A 

8-29 

Eq. 8-28, A-15 

KRHD 

KRHD I 
KT^02 
KRHD 3 
KRHD 4 

8-29 

Eq. 8-28, A-15 

KRHE 

KRHE 1 
KRHE 2 
KRHE 3 
KRHE 4 

8-29 

Eq. 8-28, A-15 

KPHA 

KPHA1 
KPHA 2 
KPHA 3 
KPHA4 

8-178 

Eq. 8-178, A-15 

KPHB 

KPHB 1 
KPHB 2 
KPHE3 
KPHB 4 

8-179 

Eq. 8-1 79, A-15 

KPHC 

KPHC 1 
KPHC 2 
KPHC 3 
KPHC 4 

8-30 

Fq. 8-30, A-15 

KPHD 

KPHD I 
KPHD 2 
KPHD 3 
KPHD 4 

8-31 

Eq. 8-30, A-15 
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KPHE 

KPHE 1 
KPHE 2 
KPHE 3 
KPHE 4 

8-32 

Eq. 8-30, A-l 5 

KRTA 

KRTA1 

Tail counter- 

Tail counterpart of 


KRTA 2 
KRTA 3 
KRTA 4 

part of 8-29 

Eq. 8-29, A-15 

KRTB 

KRTB 1 

Tail counter- 

Tail counterpart of 


KRTB 2 
KRTB 3 
KRTB4 

part of 8-29 

Eq. 8-29, A-15 

KRTC 

KRTC I 

Tail counter- 

Tail counterpart of 


KRTC 2 
KRTC 3 
KRTC 4 

part of 8-29 

Eq. 8-29, A-15 

KPTA 

KPTA1 

'’'ail counter- 

Tail counterpart of 


KPTA 2 

part of 8-30 

Eq. 8-30, A-15 


KPTA 3 




KPTA4 



KPTB 

KPTB 1 

Ti>il counter- 

Tail counterpart of 


KPTB 2 
KPTB 3 
KPTB 4 

part of 8-31 

Eq. 8-31, A-15 

KPTC 

KPTC 1 

Vail counter- 

Tail counterpart of 


KPTC 2 
KPTC 3 
KPTC 4 

part of 8-32 

Eq. 8-32, A-15 

KGTA 

i ft,** 

8-190 

A-10, A-l 9, A-20 

KGTB 

KGTB 

8-97 

A-10, A-19, A-20 
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HEAVY LIF1 AIRSHIP DYNAMICS 


Mark B. Tischler, Robert F. Ringland and Henry R. Jex* 
Systems Technology, Inc., 

Hawthorne, California 90250 


Abstract 

A nonlinear, oultibody, six-degrees-of-f reedom digital simulation has been 
developed to study generic heavy lift airship (HLA) dynamics and control. 

The slung payload and flight control system models are described, and a review 
of the aerodynamic characteristics of an example vehicle is presented. Trim 
calculations show the importance of control mixing selection, and suggest per- 
formance deficiencies in crosswind stationkeeping for the unloaded example 
HLA. Numerically linearized dynamics of the unloaded vehicle exhibit a diver- 
gent yaw mode and an oscillatory pitch mode whose stability characteristic is 
sensitive to flight speed. The vehicle with slung payload shows significant 
coupling of the payload modes with those of the basic HLA. The accuracy of 
decoupled linearized models is sensitive to the size of dynamic excusions and 
the vehicle loading condition. A considerable improvement in the vehicle's 
stability and response is shown using a simple, multi-axis closed-loop control 
system operating on the rotor and propeller blade pitch controls. 

Nomenclature 

h Altitude 

L,M,N Aerodynamic moments about x,y,z reference axes, respectively 


*Staff Engineer, Research, Member AIAA; Principal Specialist, Associate 
Fellow AIAA, and Principal Research Engineer, Member AIAA; respectively. 
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p,q,r Components of angular velocity about x,y,z reference axes, 

respectively 

s Laplace transform operator 

1/Ts, 1/Th, l/T S y j » 1/Tsy 2 — Surge, heave, and sway/yaw inverse time 

constants, respectively (time-to-half-ampl\tude « 0. 693T; 

T =* T s , Th» T S y^, Tgy 2 ) 

u,v,w Components of velocity along x,y,z axes, respectively 

x,y,z Orthogonal, right-hand coordinate axes; positive z is down 

X,Y,Z Aerodynamic forces along the x,y,z axes, respectively 

a Tail angle of attack, a = tan _1 (w t /u t ) 

<xj Value of a for stall or vortex breakdown 

d 2 Value of a for start of predominantly crossflow regime 

0 Tail angle of sideslip, 3 = tan -1 (v t /u t ) (nonstandard defini- 

tion) 




Clat> ^lon 


^v 

V“* 

“lot. “Ion 


“y v 

“hv’^rv’^Pv 


6^,5,^ — Surge, sway, heave, pitch, roll, and yaw control deflec- 

tions, respectively 

Pitch and roll mode damping ratios, respectively 

Lateral and longitudinal slung-payload pendulum mode damping 
ratios, respectively 

Yaw vibration slung-payload mode damping ratio 

Heave, roll, and pitch slung-payload vibration mode damping 
ratios, respectively 

Pitch and roll mode undamped natural frequencies, respectively 

Lateral and longitudinal slung-payload pendulum mode natural fre- 
quencies, respectively 

Yaw vibration slung-payload mode natural frequency. 

Heave, roll, and pitch slung-payload vibration mode natural fre- 
quencies, respectively 
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Subscripts 

a 

c 

c.g. 

c«v. 


Apparent, relative to local alrmass. 
Command 

Center of gravity 
Center of volume 


h Hull 


o 

P 

t 


Reference value 

Payload 

Tall 


Superscript 

( ) Time derivative with respect to nonrotating axes 


I« Introduction 

( 1 - 3 } 

Recent feasibility studies v ’ have shown that the heavy-lift hybrid air- 
ship (HLA) is an efficient and cost-effective vehicle for lifting, transport- 
ing over short distances (200 km) , and positioning massive loads (typically up 
to 100 tons) . These studies suggest that because of its economic advantages 
the HLA nay serve in an important future role in thr areas of logging, con- 
tainer ship offloading, remote site supply and coastal patrol. 

While many economic studies are found in the literature, only limited 
analytical treatment of the engineering problems associated with operation of 
these vehicles in their intended roles has been published. ^ The studies 
of conventional, and more recently heavy lift, airship dynamics and control 
have used the classical, linearized, small perturbation approaches. However, 
the validity of using such techniques for the study of the HLA, a relatively 
new class of v icle, has yet to be established. 

Unlike the lighter-than-air vehicles of the past, the heavy-lift airship 
will have large thrust-to-weight ratios and low fineness ratios. As a result. 
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significant nonlinear rotor/hull aerodynamic interactions, not considered a 
problem in classic airships, have been reported . ^ Also, unlike its pre- 
decessors, the HLA will typically be used in missions requiring precise 
control through flight regimes encompassing large and rapid changes of speed, 
incidence, and inertial properties. The response of these vehicles to gusty 
environments has become an important issue, receiving only limited analytical 
treatment in the past.^ ^ Historically, the lack of control over gust- 
induced motions has proven the undoing of many dirigibles and blimps. The 
modem HLA, with its greatly increased control power (rotors and propellers), 
has the challenge of and potential for solving these traditional problems. 

An accurate, nonlinear, non-real-time six-degrees-of-freedom (6 DOF) simu- 
lation to investigate the technological problems of the buoyant quadrotor 
(BQR) concept (Fig. 1). Specific areas of concern already noted are aero- 
dynamics, flight dynamics, and flight controls. The simulation is intended 
for use as a b-'ic design synthesis and analysis tool for evaluation of 
competing designs. 

The example configuration, used for software development and simulation 
demonstration, is representative of a class of low fineness ratio, quadrotor 
HLAs having small fins and designed for efficient low speed cruise and hover 
flight. The assumed geometric and inertial properties of the loaded and 
unloaded vehicle are given in Fig. 1. 

The simulation provides the capability to investigate generic properties 
and basic vehicle characteristics. It also permits the evaluation of the 
relative importance of aerodynamic and dynamic nonlinearities. Throughout the 
program, emphasis was placed on determining dominant effects and obtaining 
gross loads and motions, using models based on uniformly valid first approxi- 
mations to a variety of effects. Also recognized was the need to minimize 
Input data requirements to facilitate design tradeoff studies. 
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A comprehensive description of the simulation models and typical results 
was given in an extensive paper at the 1981 AIAA Lighter Than Air (LTA) Con- 
ference.^^ The present paper highlights the discussion of the flight con- 
trol system model and example vehicle aerodynamics with emphasis placed on the 
presentation of performance and dynamic characteristics. The slung payload 
model is described, and a preliminary analysis of the coupled vehicle/payload 
dynamics is presented. The vehicle description in Fig. 1 has been corrected 
from the original paper. 

II. Description of Simulation 

This section will review the simulation capabilities and describe the 
aerodynamic, slung payload, and flight control system models. The aerodynamic 
characteristics of the example configuration are presented to provide insight 
into the physics of the vehicle dynamics discussed in a later section. The 
results presented here employ the basic (non-interference) aerodynamic models. 

Simulation Capabilities 

The HASA/STI simulation is composed of four computer programs: vehicle, 

payload, vehicle/payload, and mooring. 

Simulation capabilities Include the calculation of: trim conditions 

(operating points) and the associated operating point equations of motion; 
normal mode response parameters; and large amplitude (nonlinear) motion time 
histories. The trim solution (unmoored) is an iterative calculation of con- 
trol positions required to null vehicle (and payload) accelerations at 
selected orientations, velocities, and local wind directions. This capability 
is very useful for identifying control power requirements, operational 
envelopes, and performance tradeoffs. Small perturbations about selected trim 
points are used to generate numerically the open-loop (i.e., controls-f Ixec') 
system characteristic matrix, and the control and gust input matrices for 
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linear systems analyses* These matrices can be used to evaluate the vehicle 
open-loop transfer functions for flight control system synthesis, Including 
time and frequency responses* 

Fully nonlinear responses of the HLA and payload to a variety of control 
system commands and gust inputs are generated for open- and closed-loop 
studies* Control system commands, feedbacks, gains, and lim-" are etermi.'.ed 
from user inputs. Over 1000 states, component loads, and other dependent 
variables can be accessed at each time step and plotted or tabulated as 
desired. This capability can provide valuable insight into the importance of 
many nonlinear aerodynamic and dynamic terms. 

The following subsections present summaries of the aerodynamic, slung pay- 

load and flight control system models. The reader is referred to detailed 
(11 12 13) 

descriptions ’ ’ of the aerodynamics models, dynamic equation formula- 

tion and software architecture. 

Steady Aerodynamics Model of Example Vehicle 

The quasi-steady aerodynamic characteristics for the bare hull and hull/ 
tail assembly of the example configuration of Fig. 1 are presented in Fig. 2 
for a constant flight speed of 50 ft/sec. The hull properties are assumed 
equal in pitch or yaw axes, and the tail-on-hull properties for the 45 deg 
vee-tail are assumed to be the same in pitch or yaw, except for the rolling 
moment. Semi-empirical methods^^’ were used to estimate the basic 

aerodynamic characteristics. The static Z(Y)-force (Fig. 2a) is seen to be 
dominated by the bare hull, as a result of the small tail exposed area. The 
static pitching (yawing) moment characteristics about the center of /olurae 
(Fig. 2b) show that the small stablizing tail contribution is completely over- 
ridden by the large unstable hull contribution, thereb; rendering the static 
vehicle aerodynamically unstable (metacentric stability not Included). The 
present test case, which has a "vee-tail,” exhibits large negative rolling 
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moments due to sideslip (postlve dihedral effect). Figure 2c shows signifi- 
cant nonlinearities in the mode*, for angles of attack of +35 and -35 deg, 
owing to the assumed breakdown of attached flow in the stall transition 
regimes. The hull-alone damping characteristics for axial and non-axial 
flight are presented in Fig. 2d • The offsets in moments at zero angular rate 
(q,r • 0) are due to the static hull moment characteristics. The significant 
increase in damping moment with angular rate for non-zero a or 9 results from 

the Wfo and Vh dependency in the hull damping model^*^. 

3 3 


Slung Payload Model 


A slung payload model was developed in order to study the generic problems 
of hull/payload dynamic coupling and performance, A versatile sling geometry 
was implemented which allows the connection of the payload ana hull by four 
(or less) elastic cables. Attach points on the hull and payload are user 
selected to facilitate tradeoff studies among various sling configurations 
(e.g«, pendant, "inverted vee," etc.). Each cable is described in terms of 
spring stiffness and damping constants, with sling mass and aerodynamic 
properties neglected. 

For the present simulation, a simple quasi-steady payload aerodynamics 
model was implemented which is suitable for trim performance and low speed 
dynamic analyses of high density containers. This model, which is essentially 
identical to the hull (tail off) quasi-steady aerodynamic model, accounts for 
potential flow moments, and viscous drag and damping loads. The model 
neglects the complex discontinuities (hysteresis, separation bubbles, etc.) 

and unsteady aerodynamics known to be significant for detailed assessment of 

(18) 

stability boundaries and full scale flight correlation 1 . Future simulation 
users can easily adapt the present aerodynamics model for specific payload 
configurations should a detailed assessment be required. 
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The payload used as an example Is a rectangular cargo container suspended 

by an "inverted-vee" sling. The container is suspended 3 degrefa nose-down 

for improved dynamic stability characteristics. ' The payload and sling 

geometry is shown in Fig. 1. The stiffness constant is typical for sling 

(18) 

cables and was obtained from Sampath. ' The damping constant was selected 
to yield a heave vibration mode damping ratio of about 0.2. As Indicated in 
Fig. 1, the payload weight is 20 tons Aerodynamic parameters were obtained 
from cargo container wind tunnel data^®^. 


Flight Control System 

The flight control system implemented in the simulation exercises control 
over all six degrees of hull motion freedom. It functions to maintain trimmed 
flight conditions in the presence of disturbances and to execute mrni ^ver 
commands. 

Control Mixing . With four lift-propulsion units (LPUs), each having a 
rotor and a propeller, and three fin deflection controls, there are a total of 
27 possible control points. Sixteen of these are active in the example HLA, 
four on each of the four LPUs. These are the propeller and rotor collectives, 
and the rotor lateral and longitudinal cyclics. Each of these is effective 
between user-set limits corresponding to mechanical limits at the control 
surface. The remaining control points are the rotor and propeller rpms, which 
are fixed at user-set values in the present simulation. The three fin deflec- 
tions are fixed at zero. 

The simulation incorporates the software equivalent of a "mixer box" to 
link the act. e control surfaces into six approximately orthogonal control 
input points, one for each degree of freedom. An input to one of these points 
is equivalent to commanding an acceleration in one of the 3ix degrees of free- 
dom. The six linked control points established by the mixer box are used to 
compute the .rim operating points foi the vehicle, for calculating linearized 
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control response derivatives, and for simulation flight control when computing 
time histories. 

In the present model, the six acceleration command points are related to 
the linked control surfaces as follows: 


Pitch, « 0 — 
P.oll, 6^ — 

Yaw, 6^ — 

Surge, 5 U — 
Sway, 6 y — 
Heave, — 


Fore-and-aft differential rotor collectives 
Side-to-side differential rotor collectives 

Side-to-side differential propeller collectives and differen- 
tial rotor longitudinal cyclii" 

Propeller collective and rotor longitudinal cyclics 
Rotor lateral cyclics 
Rotor collectives 


The scheme mixes rotor longitudinal cyclics and propeller collectives to 
assure adequate control power for hovering with and without a payload, i.e., 
over a wide range of opera'. ing rotor thrust conditions. The mixing ratio is 
user-selected. The lateral cyclics are used exclusively for side force (sway) 
control because this axis is most control power limited — . propellers are 

directed forward in the example HLA. 

Flight Control Loops . Upstream of the mixer-box arc the individual flight 
control loops, one for each of the ecceler^.Lic 1 control points. The pitch 
control loop, a typical example, is shown in Fig. 3. It incorporates feedback 
of pitch attitude and body axis pitch rate and conta-'ns proportional and 
integral paths in the forward loop. The attitude and body axis rate fc* o ~ks 
provide command response and stability augmentation, while the forwarl ’oop 
integrator (Initialized by the trim condition calculation at the start of the 
run) insures zero steady-state attitude error. The user deter. 1 iv.?s the gain 
choices based upon analysis of the control requirements. Tb-- '•■.•tout is 
limited by a user-set value as is the integral term. The output limit 
prevents the pitch channel from using all t..e control authority that might 
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othervise be available at one or more of the rotor collectives. The integra- 
tor limit similarly prevents the trim term from saturating the pitch control 
channel; the combined proportional-plus-derivative signal can always influence 
the pitch control, 6g. Upon encountering the limit, the integrator input i3 
removed until it changes sign, when it is restored. 

The control-augmented airframe constitutes an attitude-conmand/attitude- 
hold syst. j, which is a favorable characteristic for low speed and hovering 

(19) 

flight operations. Such a system, while not highly maneuverable for "up 

and away" flying, allows for limited periods of unattended operation in con- 
trolling pitch attitude which will likely be required during payload pickup 
and drop, especially in gusty environments. 

The simulation ware organization is structured so as to confine 
control system changes to a limited number of subroutines, thereby making it 
easy for the user to reprogram for a particular HLA configuration under evalu- 
ation* Among the parameters suited for study using the flight control system 
model are: requirements for control power as a function of task and f .t 

condition; control gain and limit schedules; crossfeeds between channels 
(e.g-, for turning flight in cruise); and sensor location and orientation. 

III. Typical Simulation Results 

This section presents so.,.e results of Lhe simulation to illustrate the 
orogram functions and to show the motion dynamics for one class of HLA, the 
example configuration of in Fig. 1. 

Trimmed Flight Conditions 

A sene3 of trimmed flight conditions covering a wide range of speed and 
incidences was --•r-puted i n order to investigate the control authority require- 
ments and flight envelope boundaries for both the unloaded and loaded configu- 
rations. The example payload aerodynamic forces are very small compared to 


4 
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Its weight, and so the resulting effects on performance were found to be 
correspondingly small (i.e., less than 2 percent at 44 ft/sec). For the trio 
analysis given here, the payload aerodynamics were neglected* Payload aero- 
dynamics and sling dynamics are considered in the coupled vehicle/payload 
analysis discussed later. 

Power Requirements * Figure 4 shows the total vehicle power requirements 
as a function of sea level axial flight speed for the unloaded and loaded con- 
flguatlons. Power is required at hover, even when unloaded, because the buoy- 
ancy ratio is less than unity. Based on a total available power rating of 
6100 hp, the maximum unloaded cruise speed is 152 ft/sec (103 mph) , compared 
to 145 ft/sec (99 mph) for the loaded vehicle. 

These results show the importance of the longitudinal control crossfeed 
between propeller collective and rotor pitch cyclic. If the longitudinal 
crossfeed gain is kept the same for the loaded and unloaded configurations, as 
it was in the present case, rotor thrust contributes a greater proportion of 
cruise propulsion when Lhe vehicle is loaded. Rotors, as a result of their 
large disk areas, are inherently more efficient for low speed cruise propul- 
sion than are propellers. Therefore, the power requirements for the loaded 
and unloaded vehicles are essentially the same at maximum speed. Scheduling 
the crossfeed gain to optimize rotor and propeller usage for changing loading 
conu.uions will greatly improve overall vehicle performance. 

The speed for maximum range and speed for maximum endurance, critical 
design parameters for HLAs, are seen to be 80 and 30 ft/sec for the unloaded 
and 105 and 75 ft/sec for the loaded vehicle, respectively. These parameters 
can be tailored to design specification by systematically exercising the simu- 
lation trim function tor a range of configurations. 

Crosswtnd Hove- . The operation of HLAs in crosswind hover conditions is 
an important design consideration. Figure 5 presents the required uniform 
rotor lateral cyclic (6 ) fo*- upright trim (zero roll angle) as a function of 
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crosswind velocity for the loaded and unloaded vehicle. For a typical lateral 
cyclic limit of ±* 2 deg, this figure Indicates a maximum crosswind capability 

of 8 ft/sec (4.7 kt) for the unloaded vehicle. The loaded configuration, 
which trims with larger rotor thrusts, has a crosswind capability of 18 ft/sec 
(10.7 kt) . Trimming at non-zero roll angles would generate larger lateral 
rotor forces; however, significant roll control (6^) would be required to off- 
set the vehicle metacentric rolling moment, and/or a more complex load- 
handling suspension cable control system would be required to allow steady 
roll angles under load. 

Small Perturbation Dynamics — Vehicle Alone 

The coefficients for the linearized, small perturbation equations of 
motion were numerically determined for a number of trimmed, controls-f ixed, 
flight conditions without a payload. Additional cases were calculatec for a 
rigidly attached payload, the slung payload alone, and the HLA with slung 
payload. The characteristic roots of the system, each being associated with a 
particular dynamic mode of response, were calculated for the various flight 
conditions . 

In describing the characteristic modes of response, we use a shorthand 

notation for Laplace transform factors. Thus, (1/T) denotes the factor 

2 2 

(s + I/T), while (£, <u] denotes [s + 2£ms + u ] . These common metrics in the 
frequency domain are related to the common time dom.>'n metrics as follows: 

Time-to-half-amplitude = 0.693T (real roots) 

=* 0.693/Sw (complex roots) 

a + j(Jjta - C 2 


Complex root location 
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Table 1 summarizes the characteristic roots for several cases at 
44 ft/sec. This condition is representative of blimp-like operations. A dis- 
cussion of these results is presented below. 

The unloaded vehicle (Table 1, Line a) exhibits the following five basic 
modes : 

Surge Subsidence (1/T_). This stable mode is a 1 DOF motion, comprised 

' 1 r 3 

of variations in axial speed (uj^^). About 50 percent of the surge damping 
arises from vehicle drag, while the remaining portion arises from rotor and 

propeller effects. This motion is largely decoupled from the other modes 
because and are small in this flight condition. 

Heave Subsidence (1/T^). This stable mode is predominantly composed of 
vertical motion and derives most of its damping from the rotors. The rotor 
flapping dynamics induce some cc ; >ling between heave, sway, and surge motions, 
the modal response ratios being: 

l u h : v h : w h I ■ 1 0.14 : 0.2 : l| 

I n cg n cg n cgli/x h 1 1 

Significant coupling between the heave and pitch motions, measured in terms of 
the hull pitch angle to hull angle-of-attack modal ratio: 


Q h : a h 


c §l 1/T h 


0.7 : 1 


arises from the tail lift response to vertical velocity. Barring this 
coupling, the HLA heave mode resembles the heave mode exhibited by V/STOL air- 
craft.^ 

Pitch Oscillation (4 p , ui p ) . The oscillatory pitch mode is comprised of 


variations in uh , w^ , and 8^. The eigenvector phasing shows that 0^ 
eg eg 

variations lead w^ and u^ by 25 deg and 273.3 deg, respectively. Although 
eg eg 

somewhat resembling the classical aircraft phugoid mode in f -'quenry and damp- 


ing, the present motion exhibits large changes in hull angle of attack. 
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Further, the frequency of oscillation (u>p) Is determined by the uetacentrlc 
height (of c.v. above c.g.)» the static aerodynamic pitch instability (effec- 
tive of the total vehicle is positive; Fig. 2b), and the total vehicle 
effective pitch inertia. The light oscillatory damping (C^) is provided by 
the hull, tail, and rotors. For the 44 ft/sec flight condition, the rotors 
generate about 70 percent of the vehicle effective pitch damping. 

Coupled Swav-Yaw (l/T S yj,, l/Tsj^) • This mode is comprised of coupled 
variations in side velocity (v^ ) and yaw angle (ljn^). The modal instability 

arises from the unstable static aerodynamic yawing moment characteristic of 
the hull/tail assembly (Fig. 2b) . The unstable root (l/T S y^) and stable 
root (l/T ) locations depend on the yawing moment characteristics and the 
lateral drag and rotor damping. The coupled yaw-sway mode is similar to the 
unstable spiral mode in conventional aircraft. 

Roll Oscillation (4 r> o> r ) • The stable oscillatory roll mode is a well 
damped 1 DOF "pendulum motion" composed of variations in side velocity (vh ) 
and roll angle (<^). The modal response ratios indicate that the effective 
center <f rotation is 3 ft below the hull center of volume and above the 
unloaded vehicle's composite c .g • , due largely to apparent mass and inertia 
effects. The natural frequency (io r ) is controlled by the metacentric height 
and effective roll inertia, while the damping (? ) is generated by the rotors 
and tall. 

Dynamic modes of HLAs and classical airships have been calculated by pre- 
vious authors. The HLA longitudinal analysis completed by Nagabhushan and 
Tomlinson^) showed the existence of the surge, heave, and pitch oscillatory 
modes, resemblin^ those presented here. The lateral and longitudinal open- 
loop results presented by Pelaurier and Schenck^^ are in correspondence wi,_h 
the five modal resporses discussed here. Although specific damping ratios and 
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frequencies vary (depending on the configuration under study), the mode shapes 
and relative eigenvalue locations are very similar. 

Effect of Payload on System Dynamics 

The loaded vehicle (rigidly attached payload) has the characteristic 
roots shown in Table 1, Line b. The added payload weight results in a size- 
able increase in the trim rotor thrust and related rotor blade coning and 
flapping. This produces significant coupling between the longitudinal and 
lateral-directional degrees of freedom. The surge mode now has substantial 
sway motion and has become slightly unstable. Except for minor changes in the 
oscillatory frequencies due to increased metacentric height (above the lowered 
c.g.) the remaining vehicle modes are essentially unchanged from the unloaded 
values in Line a. 

The vehicle /slung- load configuration has eleven characteristic modes of 
response. The first five of these correspond to those of the basic vehicle. 
These basic vehicle modes of response induce in-phase payload motion of almost 
equal magnitude. For example, the (coupled) vehicle pitch oscillation modal 
ratios are: 


|% cg * 9h • ^ « (0.57 : 1 : 0.93 


This strong coupling into payload motions is due to the sling geometry which 
with inverted vee slings both forward and aft on the payload (Fig. 1) causes 
it to move with the hull. The coupled system responds as a single rigid body, 
with nearly the same modal characteristics as the loaded vehicle (rigidly 
attached payload) case. The associated coupled system roots are shown in 
Table 1, Line c, and very closely match those of the loaded vehicle, as 
expected • 
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The characteristic roots of the slung payload only system (in isolation) 
are listed in Table 1, Line d, and reveal six modes of response* The two 
lowest-frequency modes are associated with longitudinal tC’ Q n» ^lonl an< * 
lateral (Ciat* u latl pendulum modes. These have very low damping ratios 
because of the small aerodynamic damping in this flight condition. The next 
highest frequency mode t?y v » U) y v l is associated with yawing motions of the 
payload. Here the arrangement of the sling is such that cable spring force 

and damping contribute substantially to a higher frequency and damping 
ratio. The three highest-frequency vibration modes are dominated by the cable 
spring and damping constants. 

The vehicle /slung- load modes, which correspond to the isolated slung 
pa oad modes, are presented in Table 1, Line e. A comparison of the results 
(L^nes d and e) shows that the characteristic roots are essentially 
unaffected. However, the payload motion now induces significant out-of-phase 
\ ahicle motions. The magnitude of the vehicle response in each mode is nearly 
equal to the ratio of the payload mass (or moraent-of-inertia) to the 
appropriate effective vehicle mass or moment-of-inertia (i«e., including hull 
apparent mass and moment-of-inertia effects) or the dominant degree-of- 
freedom. 

For example, consider the coupled heave vibration mode: 


Payload Mass 


|w h : w d 1 

( 0* 179 : 1 

• 

1 hc 8 Pc sk v 

I 

Effective Vehicle 


Mass for z-Axis 
Motions 


These relatively high frequency out-of-phase coupled modes could be important 
in the design and analysis of inter-element structural members. Also, rotor 
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excitation, including higher-order dynamics not modelled in the present 

simulation, could be significant at these frequencies* 

The present example analysis of the coupled HLA/slung-load dynamics shows 

that while the characteristic roots of the separated vehicle (Line b) and 

payload (Line d) modes are essentially unchanged in the combined vehicle 

(Lines c and e) , significant dynamic coupling between the bodies exists. 

Adequate consideration of the coupled vehicle/slung-payload low frequency 

modes will be essential for load positioning, and of the nigh frequency modes 

for minimizing structural mode excitations* Analogous low frequency problems 

with heavy-lift-helicopters have required special flight control system 

characteristics, including feedbacks of the cable angle rates to rotor con- 
( 21 ) 

trols . Ihi3 remains an area for future HLA study* 

The coupled vehicle/payload dynamics resemble in character uhe helicopter/ 
slung load results of Sampath^^). However, the present payload aerodynamic 
model lacks the detail required to capture the oscillatory nonlinearities and 
stability sensitivities reported in that reference* 

Effect of Flight Speed on Unloaded Vehicle Dynamics 

The linearization analysis for the unloaded vehicle was extended over 
a range of trimmed flight speeds from 0 to 140 ft/sec (o ■ 0) * The migration 
of the 5 modes with axial speed is shown in Fig* 6* The surge (1/T^) an d 
stable sway/yaw (l/T S y-) time constants increase fairly linearly with speed. 
The unstable «* mode time constant (1/T ) increases due to the increasing 

hull instability with flight speed. 

As expected from helicopter dynamics, t he heave lamping (1/T^) 
improves with increasing speed. Since both the rotor and tail effectiveness 
increase with speed, the roll mode becomes more stable, reaching a damping 
ratio of 0*53 at the flight speed of 140 ft/sec* Forward flight speed reduces 
the frequency and ultimately destabilizes the pitch oscillation mode, due to 
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the hull's large aerodynamic Instability and the small tall area* Ho we've 
the pitch damping of the rotors Improves with Increasing airspeed, so the mode 
is marginally stable up to 60 ft/sec. At this speed, the dominance of the 
envelope aerodynamics over metacentric stability causes the oscillation to 
become unstable* Ultimately the mode becomes two aperiodic divergences as the 
speed further increases* 

The sensitivity of the dynamic modes to forward flight speed is a very 
Important consideration in configuration and flight control synthesis. The 
present analyses show the unaugmented, unloaded example HLA configuration to 
be best suited for low-speed and hover flight conditions (V < 60 ft /sec). 
Increased flight speed can be achieved by increasing the tail size and hull 
fineness ratio, or by incorporating an active stabilizing flight control 
system. 

Comparison of Nonlinear and Decoupled Linear Models 

Flight mechanics and control analyses commonly are based on the small per- 
turbation, linearized dynamics of vehicle motion where the longitudinal 
(pitch, surge, and heave) and lateral (roll, yaw, and sway) degrees-of-freedom 
are assumed decoupled. The validity of employing such assurap‘ ens for HLA 
analyses was checked by comparing the step response of the nonlinear and 
decoupled linear models for the 44 ft/sec flight condition, with and without a 
slung payload. 

Figure 7 shows the open-loop pitch attitude response of the vehicle to 
small and large step commands in surge control (S u ). 

The unloaded vehicle pitch angle in response to a small step command of 
surge control (6 U = 0.16 deg) is shewn in Fig. 7a* The nonlinear and 
decoupled linear system responses compare very well, thereby validating the 
approximations. When the command is increased to 6 U - 2.0 degrees. Fig. 7b, 
the discrepancy between the system responses becomes more noticeable, indicat- 
ing the existence of response nonlinearities for larger motions. Howeve-, the 


Tlschler, Rlngland, Jex 


ORIGINAL t . 

of poor 


19 


character of the response Is well represented for this case where derivative 
discontinuities in the aerodynamic data for the tail (Fig. 2) are not encoun- 
tered* 

The 6-degree-of-f reedou nonlinear and the decoupled 3-degree-of-freedom 
linear responses of vehlcle/slung payload systems are compared for a small 
command (6 U ■ 0.2 deg) and a large command (^ u “ 10.0 deg) Figs. 7c and 
7d, respectively. During the first 15 secs, the comparison is good, with the 
large command response exhibiting some nonlinc rity, as before. Thereafter, 
the response of the linearized system diverges from the nonlinear system. 

This divergence was traced to the coupling between longitudinal and the 
lateral-directional degrees of freedom — a factor which is not represented in 
the decoupled linear model. As previously noted, the loaded venicle exhibits 
significantly increased coupling due to the increased rotor flapping asso- 
ciated with the large trim thrust levels. 

These results are typical for simulations of rotorcraft where substantial 
response nonlinearity and coupling between longitudinal and lateral- 
directional degrees of freedom exists. The comparisons show that control and 
response coupling characteristics need to be taken into account in the 
analysis of HLA dynamics and the synthesis of flight control systems for these 
vehicles. 

Vehicle Oust Response 

The unloaded example configuration was trimmed at the 44 ft/sec flight 
condition and then subjected to an isolated vertical tail gust in order to 
study the dynamic responses. The gust input was a one-minus-cosine shaped 
vertical downdraft with a maximum value of 5 ft/sec and a duration of 4 sec. 
The selection of an Isolated tail gust (no hull gradients) was made in order 
to excite the vehicle pitch mode with a simple disturbance, not necessarily 
representative of a realistic gust environment. 
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Open-Loop Response. The longitudinal response of the open-loop vehicle to 

the tail gust input is shown in the solid time histories of Fig* 8. (Note 

that the rate of climb, h^ not w^ , is preserted here.) The open-loop 

eg f g 

behavior is dominated by the pitch mode. The frequency of oscillation, 
phasing, and relative response ratios correspond very well, as expected, with 
the previous linearized results. 

Closed-Loop Response . The flight control system was closed in all six 
degrees-of-hull-f reedora in order to compare open- and closed-loop unloaded 
vehicle response to the gust input. Details of the pitch loop closure were 
presented in Reference 11. 

The longitudinal closed-loop response to the tail down gust is plotted 
(dotted lines) in Fig. 8. Th' disturbance-suppressing characteristics of the 
6 DOF flight control system are clearly apparent. Further studies are needed 
to determine vehicle response to turbulent environments, utilizing the four- 
point-gust model ^ ^ with realistic turbulence inputs and the aerodynamic 

( i3) 

interference models.* 


IV. Conclusions 

An > .ample HLA configuration with a low fineness ratio hull and a small 
vee -tail was analyzed to expose basic aerodynamic and dynamic properties. 

Some of the significant conclusions to be drawn from this analysis and a 
comparison with past airship data, are: 

1) For the example configuration, the tail size is not sufficient to 
stabilize the vehicle in cruise flight- 

2) The choice and scheduling of control mixing between rotors and propel- 
lers has a significant effect on vehicle performance. For the example 
configuration, the loaded and unloaded vehicles exhibited ^out the same 
maximum speed because the fixed crossfeed values i suited in higher pro 
pulsive efficiency for the loaded co.ulition. 
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3' The trimming capability of the unloaded HLA is severely limited when 
hovering la crosswinds due to lack of lateral force generation capa- 
bility. 

') Numerically linearized small perturbation dynamic analysis of the 

unloaded example configuration showed the existence of five character- 
istic response modes: 

Surge subsidence (stable) 

Heave subsidence (stable) 

Pitch oscillation (stable) 

Coupled sway-yaw (unst, . le) 

Roll oscillation (stable) 

Resemblance of some of the HLA modes to those of classical aircraft and 
V/STOLs is apparent. The qualitative correlation of these modes with 
the results of other investigators was noted. 

5) Analysis of the vehicle/slung-payload dynamics shows significant 
coupling of the payload dynamics with those of the basic HLA. 

6) The pitch and unstable sway-yaw (unloaded vehicle) modes were desta- 
bilized with increasing axial flight speed, while the other modes became 
more stable. 

7) Comparison of ncnlinear and decoupled linear solutions for the unloaded 
vehicle showed close agreement for small motions, with some nonlinear 
effects for motions larger than a few degrees. T loaded vehicle 
exhibits strongly coupled characteristics due to the rotor flapping 
dynamics . 

8) Open- and closed-loop responses of a 5 fps (one-minus-cosine) down-gust 
on the tail showed that excellent improvement in the vehicle's dynamic 
behavior can be attained with the incorporation of simple flight con- 
troller having proportional, rate and integral-error feedbacks. 
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TABIE 1. CHARACTERISTIC ROOTS FOR THE UNLOADED AND LOADED VEHICLE 

AT 44 FT/SEC (30 MPH) 
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e) Coupled Vehicle/ [-0.004,1.180] [0.007,1.429] [0.085,5.059] [0.200,10.803] [0.306,15.632] [0.335,16.798] 

Slung Load 
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Hull 


Length 


240 ft 

Diameter 


103 ft 

Volume 

1.5 x 10 6 ft 3 

Tail Area 


2520 ft 2 

Weight 

8.89 

x 10 4 lb 

Lift Pronuls 

ion Unit (LPU) 


Rotor Diameter 


56 ft 

Propeller Diameter 


13 ft 

Engine Horsepower 
(One per LPU) 


1524 hp 

Weight (Each LPU) 

9 

x 10 3 lb 

Composite Vehicle 

Unloaded 

Loaded 

Weight (lb) 

125,000 

165,000 

Buoyancy Ratio 

0.92 

0.70 


Figure 1. Example Ouadrotor HLA and Slung Payload 
Used in Present Simulation 
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g) •- o r Y Face t>l S totic Pitching, Yawing Moment 

M,-N x 10 
(ft-ib) 


Toil Assembly Alone 
Hull Alone 
Total 



FiRuro 2. Samples of Simulated Forces and Moments 
for Example Case of Fig. I 
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Figure 3. Block Diagram for Pitch Control Loop 
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Figure 4. Power Requirements for Trimmed Forward Flight 
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(ft/sec) 

i i l l I 

0 3 6 9 12 


Crosswind Velocity (kt ) 


Figure 5. Trimming for Hover in a Steady Crosswind 











b) Large Step (S u - «?. 0 deg) 


d) Large Step (Sj - 10 deg) 




Figure 7. Comparison of 6-Degree-of-Fr eedom Nonlinear and Decoupled 
3-Degree-of -Freedom Linear Open-Loop Responses to Axial Control Stops 
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Tha response of a Quadrotor Heavy Life Airship 
to aeaoaphartc turbulence la avaluacad using a 
♦-point Input nodal* Reaulta show lntaractlon 
between |uat Inputs and tha charactarlatlc modes 
of tha vehicle's raaponaa* Example loop cloauraa 
deaonatrata tradeoffs becweun raaponaa ragulatlon 
and structural loads. Vahtcla rasponaas to a 
tunad dlacrata wava front coapara favorably vlth 
tha llnaar result* and llluatrata charactarlatlc 
HLA notion* 


» c Haava axla control dafloctlon; * 

1 degree ♦ 1 dagrao of nagatlvo col- 
lect:. * pitch on aach rotor, dag 

Vg 1 , w* 2 , Oust valocltlaa along tha lnartlal *- 
axla at Input aourcoa 1-e, respectlve- 
Ug 3 , w|* ly{ poaltlva downward, ft /sac 

C p . \ Pitch oscillation soda damping ratios 
for tha opan-loop (hare alrfrana) and 
cloaod-loop (control aystan angagad) 
vahlcla, raapactlvaly 


a 


a 


c*g. 


Cw 

dl 


LPU 


Nomenclature 


9, 9 


Accalaratlon of tha hull cantar of 
gravity along tha poaltlva (downward) 
x-body axla, ft/aec 2 (g) 

Center of gravity of tha hull (l*a., 
cnvelopa/tall/aupport structure assea- 
bly, excluding LPUa) 

Traveling upgust wava celerity, l*e*, 
lnertlally referenced crest velocity, 
ft/sac 

Decibel* [- 20 log 10 (gain)) 

Constraint force exerted on tha hull 
support structuie at the 'attachment 
point of LPU-1, along the positive 
(downward) z-body axis, lb 


o 

°«t 


OF 


c zl 


Lift propulsion unit; each unit la 
cor prised of one rotor, one propeller, W SU^ 
and ona nacelle; numbering system ‘ 

shown In Fig* 2 


Pitch and roll Eular anglaa, respec- 
tively; rad (dag) 

Root-mean-square value (rma) 

Root-mean-squared (nas) level of hull 
acceleration (a z ) 

Root-mean-squared (rma) level of ver- 
tical constraint force at LPU-1 


Intensity level (rma) for turbulence 
along the Inertial z-axls, ft /sec 

Power spectral density function and 
truncated power spectral jenslty func- 
tion, respectively, for vertical tur- 
bulence, ft Vradt-aec) 

Frequency, rad/sac 

Heave control system bandwidth; de- 
fined as the -3 dB frequency (Fig. 3), 
rad/sec 


t-w 


2 


Characteristic scale length for verti- u £ 
' ’ turbulence, ft 


Butterworth filter cutoff frequency, 
rad/sac 


Ay, Hull length, ft 

a Laplace transform operator 

1 /Tj, , Heave node Inverse tine constants for 

1/T£ the open-loop (bare airframe) and 

closed-loop (control system engaged) 
vehicle, respectively; rad/sec (tine- 
to-ha . f-anpl ltuda - 0* 693T; T “ Tv , 

*h> 

V t Reference relative airspeed, ft/eec 

v 0 Reference Inertial velocity along tha 

x-body axis (ground spaed), ft/sac 

w Velocity of the hull canter of gravity 

along tha positive (downward) z-bojy 
axla, 't/aec 


♦ v Traveling upgust "ava encounter angle 

(Fig. 2), dag 

Wp, Up Pltcn oscillation mode frequencies for 

the oper-loop (bars airframe) and 
closed-loop (control system engaged) 
vehicle, respectively; rad/sec 

Superscripts 

Average value 

(*) Time derivative with respect to nonro- 

tating axes 

I. Introduction 

The effects of atmoap 1 1c turbulence on the 
airship -aotlons and structures are a continuing 
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Engineer, 


Research, Member AIAA ; and Principal Research Engineer, 


Associate Fellow AIAA. 
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concern* 1,2,1 Low speed and mooring oparattona 
ara especially difficult alnca cha reduced control 
power and ground clearance Increase the vehicle's 
vulnerability to turbulence* Recently* both the 
British AD-500 and Goodyear Coluabta have suffered 
considerable daaage in mooring accidents which ara 
largely attributable to severe turbulanca. 

Current design concepts emphasize requirements 
of precision vehicle control and gust response 
euppreaslor. In low spaed and hover flight opera- 
tions. These requirements are especially 
formidable for the Heavy Lift Airship (HLA) log- 
ging configuration^ and the Maritime Patrol Air- 
ship (MPA). 4 The utility of these vehicles de- 
pends on their ability to operate In all weather 
conditions* 

Studies by DeLaurter 1 on the effects of atmo- 
spheric turbulence on conventional airships showed 
the existence of significant coupling between air- 
ship pitch dynamics and vehicle structural loads* 
Maximum vehicle response snd sttendent losda were 
found to occur where turbulence wave lengths 
corresponding to those of the airships’ normal 
modes* Hagabhush^n 2 analyzed the effects of 
closed-loop control on the hovering performance of 
quad-rotor HLAs in crosswind flight conditions* 
His analysis shoved that considerable Improvement 
In the radius of hover could be achieved by feed- 
backs of Inertial vehicle position to the rotor 
cyclic controls. The associated effects on the 
structural loads of HLAs were not Investigated. 

An analysts of the dynamics and performance of 
a generic quad-rotor heavy lift airship (Fig- 1) 
using the STl/llASA simulation was discussed in 
Refs. 7 and 8. One significant conclusion was 
that gust accelerations have a considerable Impact 
on the loads experienced by airships due to appar- 
ent mass effects* This will be especially Impor- 
tant for the HLA logging mission where large and 
rapid changes In the local atmospheric conditions 
result from the geographic surroundings* 

In this paper, we further develop analysis of 
turbulence effects on quad-rotor heavy lift con- 
figurations with the use of the four point atmo- 
spheric Input model outlined In Refs. 7 and 8. 
This multiple-input model allows a more accurate 
description of gust gradient effects than Is ob- 
tainable with a more conventional single point 
aircraft model. 1 An assessment of the effects of 
atmospheric turbulence on the vehicle dynamics was 
made with an adaptation of design military gust 
specifications for piloted aircraft 10 (MIL-F- 
8 7850 . This paper presents an overview of the 
four-point atmospheric Input modal, a discussion 
of Its range oi validity, and an application of 
the Mil Spec for a typical low speed unloadrd 
flight condition. The results show the effects of 
closed-loop control on vehicle turbulence response 
and associated structural loads* 

II* Atmospheric Input Model 

Analyses of turbulence effects on aircraft ara 
generally based on the assumption that the local 
f atmosphere may be represented by gust velocities 
and linear gradients at a single point (nominally 
the aircraft center of gravity!, then ext apolated 
outward therefrom. As noted by Etkln, 11 this leads 
to significant oversee lmatlon errors for large 
aircraft and small gust wavelengths. Airships, 
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Length 


240 ft 

Diameter 


103 ft 

Volume 

1.5 > 

< 10 6 ft 3 

Tall Area 


25'0 ft 2 

Weight 

8.80 

x 10 4 lb 

Lift Propulsion Unit (LPU) 


Rotor Diameter 


56 ft 

Propeller Diameter 


13 ft 

Engine Horsepower 
(One per LPU) 


1524 hp 

Weight (Each LPU) 

9 

» 10 3 lb 

Composite Vehicle 

Unloaded 

Loaded 

Weight (lb) 

125,000 

165,000 

Buoyancy Ratio 

0.92 

0.70 


Fig. 1. Generic quadrotor heavy lift airship 
used In present study 

with their nearlv neutral bouyancy, large dimen- 
sions and relatively low cruise speeds, are espe- 
clall/ sensitive to large-scale atmospheric gra- 
dients and accelerations* A multiple-point Input 
model allows the calculation of these gradient 
effects at smaller wavelengths (and larger air- 
craft size) than Is possible with a single-point 
model. This results from the spatial Interpola- 
tion scheme which la used to calculate average 
gradients and velocities from the velocities at 
the various input sources* Baaed on these con- 
siderations, we have Implemented a four-point 
atmospheric Input model. This model, which Is an 
extension of the work of Holley and Bryson, 11 and 
Etkln,® Is discussed in detail In Refs. 7 and 8. 

Figure 2 shows tha location of the four input 
sources for the present analysis, which are se- 
lected as a compromise to be close to the more 
distal vehicle components, (l*e>, hull ends, tall 
surfaces, and Ilf t/propulslon units (LPUs)). 
These sources are assumed to be statistically 
uncorrelated because of their large separation 
relative to gust characteristic lengths at low 
altitudes. Hence, linear superposition can be 
used to determine the total (Causslan) turbulence 
response of the vehicle by summing the Isolated 
responses of the vehicle to Individual gust velo- 
city sources. Each Input gives visa to effective 
gust accelerations, velocities, and gradients at 
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Fig. 2. Atmospheric Input modal 


vehicle responses to discrete uivaform, such *• 
traveling gust "wav#*” and thermal currants* A 
comprehensive axparlnantal effort with an Instru- 
mented (light vahlcla would ba naadad to valldata 
tha pracadlng assumptions. 

IH* Analysis Techniques 

Tha prasant analysis procaduras ara broadly 
basad on tha NIL-F-8785C turbulanca require- 
ments. 10 This specification requires analysts of 
both continuous randoa (Gaussian) statistical tur- 
bulanca and discrete (non-Causslan) disturbances. 
As notad by Etkln, 9 the Causslan statistical 
analyses account tha Causslan loads of up to 3o, 
Important for fatigue asseasaent. The discrete 
turbulanca (wave front) analysis accounts for tha 
critical loads which occur In thunderstorms with 
far greater frequency than their Gaussian proba- 
bility (Pr 4. 5o • 7 * lO -4 ) would Indicate. A 
discussion of tha application of these analysis 
tachnlquaa to tha four point ataoapherlc aodal is 
presented below. 


tha hull, tall, and LPl’s. These, In turn, ara 
used to calculate aerodynamic forces and oooencs 
for use In the dynamic equations of not ion- The 
many Interpolation formula* and equations for the 
associated sarodynaelc forces are presented in 
Ref. 7 and ara not repeated hare. 

Discrete wave fronts are generated by tailored 
sequencing among the Input sources. These waves 
can be tuned to the vehicle's dynamic modes to 
evaluate critical non-Gauaslan phenomena. The 
four-point oodel Is valid for all discrete distur- 
bances within the assumption of linear Interpola- 
tion of local gust velocity between Input sources. 

i 

The use of a four-point atmospheric model 
allows the calculation of gradient effects to 
shorter gust wavelengths than Is possible with a 
single-point model; however, a lower gust wave- 
length limit exists on the validity of the model 
In simulating the response to sinusoidal inputs. 
This results from the assumption of gust velocity 
llnesr Interpolation between the various Input 
sources, and the use of a closed-form hull aero- 
dynamic model dependent only on the relative 
notion between the hull center of volume and etr 
mass. 


Analyses using a multiple segment hull model 1 
show that the response power spectre fall off 
rapidly for gust wavelengths shorter then twice 
tho hull length (2t^). Thta Is due to Che praa- 
eure averaging effect of tha hull. In tha prasent 
single-point motel, tha spectral-power reduction 
Is modeled with a third-order Bucterworth filter. 
The filter break frequency corresponds to s wsve- 
lengch of 21^, the assumed limit of the four-point 
Input model. 

VMle the noro accurate multiple segment model 
Is necessary to evaluate distributed structural 
loads along the airship hull, the simplified ap- 
proach adopted here Is felt to be sufficient for 
d/nsmlcs anJ cuncrol analyses of henvy lift sir- 
ships, whers tha loads between widely separated 
elementa are of prime Importance. This approach 
allows the easy Incorporation of measured atmo- 
spheric data (e.g., at four towers more than 
tOO ft apart) and is wall suited for the study of 


Statistical Turbulanca Analyst* 

Tha longitudinal gust response transfer func- 
tion^ for aach Input aourca (e.g., 6/vJ 1 , a./vj* 1 , 
8/v|*, etc.) ars genaracad by exercising the 
numerical linearisation option of the STl/NASA 
Heavy Lift Airship simulation. 7 These transfer 
functions provlds valuable Insight Into the dyna- 
mics of HLA gust responses. Constraint force 
transfer functions give the gust-imparted loads In 
the support structure between tha central buoyant 
envelope (hull) end the lift propulston units 
(LPUs). Statistical Information Is obtained 
through analysis of the gust transfer functions 
and tha relevant atmospheric spectra. In tha 
present analysis we used s simplified form of the 
Dryden model u with the high frequency spectrum 
truncated for wavelengths shorter than twice the 
hull length (21^ * 480 ft). The turbulence 
model's scale length and Intensity parameters were 
obtained from Ref. 10. Open-loop (bare airframe) 
and closed-loop (flight control syatam angagad) 
studies were completed to Investigate tradeoffs 
between requirements for response suppression and 
structural Integrity. 


Discrete Gust Response 


Discrete gust rtsponaes show the vehicle reac- 
tion to non-Gausstsn disturbances. A tuned upgust 
wave front was developed based on the MIL Spec 
guidelines. 10 This wavs consists of sequenced 
(1 - cosine) discrete waves, one at each of th# 
four Input source locations, designed to excite 
the vehicle at its natural frequencies of motion 
about the pitch and roll axes. Tha resulting 
large amplitude time histories provide information 
on critical loads and motions. 


IV. Llnearlxed Transfer Function* 

Th* open- loop line >r tied *nd decoupled longi- 
tudinal transfer function* w*r* calculated for a 
flight condition of 44 fps (13.4 m/s) (axial alr- 
spetd), which corresponds to that analysed In 
Ref. 8. Th* present model Include* th* effect of 
aerodynamic Interference among th* vehicle compo- 
nents (*.[’., hull/rotor, rotor/call, ate.). A 
comparison of ths prasent transfer functions with 
those of Ref. 8 shows interference effects on th# 
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vehicle's transient dynamics to b« small Co neg- 
ligible. Aa noted In Ref. 7, the dominant effects 
ere changes to vehicle crla controls and power 
conditions. 

Closed-loop transfer functions were calculated 
for the nominal flight control system described In 
Kef. 8. Feedbacks of attitude, and Inertial 
linear and angular velocities to the rotor, pro- 
peller and tall control surfaces stabilize the 
vehicle against unwanted notion and oalncaln the 
commanded flight path. A forward loop Integrator 
Is used In each axis to Insure zero steady-state 
error. 
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Figure 3 shows the vertical velocity response 
(w) to vertical command Inputs (w c ) for the open- 
loop (feedbacks disconnected) and closed-loop 
(feedbacks connected) vehicle. The open-loop 
response Is characterized by the dominant heave 
mode frequency < 1 /T^, “ 0.22 rad/sec), the pitch 
oscillation node frequency (*> - 0.27 rad/sec), 
and the -3 dB heave bandwidth** (“gw. _ 0.36 rad/ 
sec). Uhen the nominal feedback gafKs are used, 
the pitch oscillation mode Is well damped, and 
the augmented heave mode frequency Is Increased 
(1/T(, - 0.83 rad/sec). The associated Increased 
heave bandwidth (“5V. * 0.8 rad/sec) Implies Im- 
proved command following and disturbance suppres- 
sion characteristics. Attendant effects on gust- 
induced structural loads was a central question of 
the present study and Is discussed In the follow- 
ing sections. 

Additional Increases In the vertical velocity 
feedback gain results In higher bandwidth systems 
(Fig. 3) with further improvements In the dynamic 
characteristics. Increased gains result In larger 
control deflections which may cause surface limit- 
ing In heavily loaded conditions. Hbwever, for 
the present unloaded flight condition this Is not 
a problem, even for very high bandwidth systems 
(“5V h “ 5 rad/sec). 

The gust transfer functions examined In the 
study were: pitch attitude, 9; vertical accel- 
eration at the hull center of gravity, a 2 ; and 
vertical constraint force exerted on the hull 
structure Jt the attachment point of LPU-l, F c . 
These variables exemplify the motions and loads 
which ace characteristic of the vehicle longitu- 
dinal response to turbulence. 

Pitch Attitude Response 

The open- and (nominal) closed-loop pitch 
attitude responses to vertical gusts on input 
Source 1, 9/w**, are shown In Fig. 4. The vehi- 
cle pitch response to Input Source 1 Is represen- 
tative of the response of the vehicle to the 



other gust input sources (v|^, w|^, w|*). This 
results from the assumed symmetrical distribution 
of the gust input sources about the hull center of 
volume, the hull's fore/aft symmetry, and the 
relatively small tall compared to the hull. The 
transfer functions for gust Inputs Sources 3 and 4 
have a slightly higher gain In the high-frequency 
region. This is due to the unsteady tall forces 
which are predominantly Influenced by the rearward 
sources (s3, s4). 

Referring to Fig. 4, we note that the open- 
loop dominant pitch response Is at the damped 
natural pitch oscillation frequency (“ &> p ) as 
expected. These results agree with those of 
DeLaurler,* who also showed maximum gust responses 
at vehicle damned pitch natural frequencies. The 
peak closed-loop response Is significantly reduced 
from the open-loop case due to the desired func- 
tion of the pitch attitude control system. In the 
frequency range above the nominal closyd-loop 
bandwidth (*■ highest closed-loop pole, l/T^), the 
open- and closed-loop transfer functions are Iden- 
tical; therefore, the Initial time responses 
(l.e., slopes) for both cases will also match. 
For low-frequency Inputs the attitude response 
asymptotically approaches zero due to the in- 
stalled trim Integrator. These linear results 
correlate well with nonlinear time hlscorles of 
Ref. 8 and those presented In the next secclon. 

Vertical Acceleration Response 

As with the pitch response, the vertical 
acceleration (a z ) transfer functions are quite 
similar among Che four Input sources. This again 
Is due to che symmetrical orientation of the 
sources about the hull center of volume and che 
small relative size of the tall. The accelera- 
tion response to a vertical gust on Input Source 
l (Sj/w® 1 ) is shown in Fig. 5 for the open- and 
closed-loop systems. 

Ignoring the excitation of the pitch oscil- 
lation mode (Up), we obtain, from Fig. 5, the 
following approximate relationship between the 
vehicle open-loop vertical acceleration response 
and the gust acceleration at input source 1: 



The approximately Identical results of the 
remaining Input sources give: 


Fig. 3. Vertical velocity response to 
heave command Inputs 
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Vertical acceleration response to gust 
Inputs at Source l; a 2 /^ 


performance. Careful attention will have to be 
paid to Insure that the accelerometers are located 
at appropriate points relative to the mode shapes 
of the dominant structural modes for appropriately 
tailored control system/structure Interaction* - 

Constraint Force leaponse 


The frequency response of vertical corstralnt 
force between the hull and LPU-1 due to gust 
Inputs at Source 1, (F c ,/wg 1 ). Is shown in Fig. 6 
for the open- and closed 1 - loop vehicle. The high- 
frequency response of F c to each of the other 
remaining gust Input sources Is nearly Identical, 
again due to the symaetry of the Input sources 
about the hull, the relatively small tall and the 
constant hull response to gust accelerations. 
However, the low-frequency characteristics of the 
remaining transfer functions are quite different, 
especially near the open-loop pitch mode (<^,). 
This results from the coupling of the constraint 
force and pitch mode responses due to the rotor 
danping forces- 


where 

(w| l + w| 2 + w| 3 + w| 4 } 


Equation 2 Indicates that the open-loop vehi- 
cle is Subject to pure convective motion. This 
results from the near-neutral buoyancy ratio 
condition (0.92) of the present vehicle. Analyses 
by OeLaurler 1 and Nogabhushan 2 verify this conclu- 
sion for ocher neutrally buoyant vehicles. Con- 
ceptually, the open-loop vehicle may be considered 
as a soap bubble or particle In the air mass, con- 
verting with the local motion. 

This result Is especially Important for moor- 
ing and other power-off flight conditions; at- 
tempts to restrain the vehicle will require the 
attachment structures between the hull and LPU to 
absorb che large energy of the local air mass 
morions. This explains the historical policy of 
allowing airships to float freely away from Che 
mooring mast In severe turbulence conditions.' 
Also, current Goodyear policy*^ Is to allow che 
moored airship to Ircely "kite," thereby relieving 
the otherwise large air mass forces associated 
with constraining Che vehicle against Its natural 
convective notion. 

The cl oscd-loop response below the augmented 
heave mode U/Tp) Is significantly reduced from 
the open-loop case due to che desired function of 
the (nominal) vectlcal axis control system. The 
pitch axis control syscem damps Che previous exci- 
tation of the open-loop pitch mode (Up). Addi- 
tional Increases In the vertical loop bandwidth 
are shown In Fig. 5 to further reduce Che vertical 
acceleration gust response. This Is expected from 
the Improved command response characteristics 
shown In Fig. 3. Again, the high-frequency charac- 
teristics (above 1/T£) are unchanged since the 
unsteady (accelerated flow) aerodynamics of the 
rotors are neglected. 

The retention of significant acceleration 
responses out to high frequencies suggests poten- 
tial interaction between the accelerometer mea- 
surements and structural (high-frequency modes), 
possibly causing degradation of the control system 
effectiveness and resulting gust suppression 


Figure 6 shows a significant Increase In the 
constraint force loads from the use of closed-loop 
control to regulate hull motion against turbu- 
lence. For the closure selected In the present 
study, the nld-f requency load response Increases 
by a factor of 6. Further Increases In the ver- 
tical gam Indicate an Inverse relation between 
vertical acceleration response suppression (a z / 
w ) and constraint force response amplification 
(F c /“g)- The limiting condition of a vertically 
constrained vehicle Is being approached with this 
high bandwidth case. 

The Increase in constraint loads a; : laced 
with the higher bandwidth control systems is due 
to the attempt of the rotors to restrain the hull 
In the presence of large cpst acceleration loads. 
Reductions In quasi-steady (l.e., velocity depen- 
dent crossflow) forces which arise from the 
closed-loop (stabilized) hull motion are over- 
shadowed by this effect. Delaurler 1 ’ cites such 
reductions in structural loads on classic airships 
with increases In control gain since the gust 
acceleration dependent terms were not Included In 
his dynamic model. 

An Important conclusion of this analysis is 
the existence of a direct tradeoff between re- 
quirements for precision control and scructural 
integrity. This will be especially Important for 
the hover and near-hover precision control tasks 
which are essential to the Heavy lift Airship log- 
ging and payload positioning roles. Design and 
performance specifications for these vehicles need 
to Include this tradeoff. 


V. Statistical Response to Turbulence 

The statistics of the vertical acceleration 
(a z ) and verclcal constraint force ac LPU-l (F c ) 
response to statistical turbulence were evaluated 
for the open-loop (control system not engaged) and 
several closed-loop systems. These analyses were 
based on the linearized decoupled longitudinal 
transfer functions of the previous section for 
a flight condition having an alrspead (V ) of 
44 ft/sec (30 mph), with a headwind of 30 ft/sec 
(20 mph), resulting In a groundspeed (V^) of 
14 ft/sec (10 mph). The statistical analysis was 
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Ffg. 6. LFU-l/hull vertical constraint force 
reeponae to gust Inputs at aources l; 


Vhere C(Jia) are the . complex tranafjp functions, 
typified by (a t /wi* ) and (F c /w ), discussed 
earlier. 

The total response to all four gust Input 
sources la obtained by superposition, as explained 
earlier. For example, the total vertical acceler- 
ation ras response (o* t ) Is calculated from: 


[o 2 (a z /w* 1 ) + o 2 (a t /v! 2 ) 


coapl-tcd using the following simplified first 
ord*' approximation of the Dryden spectrum:* 2 


II 
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The following numerical values were selected, 
based on the guidelines given tn Ret. 10, for the 
given (light condition at an altitude of 1000 ft: 


Oy,^ - 6.4 ft/sec 

• Intensity level for 
“cioderate turbulence" 


L v - 1 750 ft 

I 

« Turbulence scale length 


Aj> previously .scussed, the assumed applica- 
bility o*’ the four-point atmospheric Input model 
lii Limited to turbulent wavelengths not exceeding 
two body lengths. in order to restrict the calcu- 
lation of statistics to wavelengths within this 
limitation, a acand<rd third-order Butterworth 
filter was used to trun ice the Input power spec- 
tral density function ot Eg. 4. For the present 
(light condition, the 8utterworth cutoff frequency 
Is u 0 •• • 0.57 rad 'sec. More that this 

cutotf friquency Is a I'.cade above the break fre- 

quency of the (at' f 1 ’ d ) Dryden Input power 
spectral density filter; hence, the truncation of 
the spectrum wl. not represent a severe restric- 
tion of the ,a tyses for this flight condition. 

The following truncated input power spectral 
density motion is obtained by combining the 
stnpli: d Dryden model with the Butterworth 

filter: 

3 

*s, 

; r r-r rr (5) 

! t s c Hs‘ l ui c a 4 is- 1 

where r'e iterlsk denotes that the Input power 
spectral >aa been truncated. 

.he output mot mean square (rmsi value for a 
esponse to a specific sust Input source Is ob- 
tained us follows: 


+ 0‘ 


(•t/ w g J ) + / (?) 


A statistical analysis of vertical accelera- 
tion and constraint force response to turbulence 
was completed. The output rms levels were nor- 
malized by the turbulence Intensity (Oy, ) and 
converted to decibels (dB) to allow easy scaling' 
to other Intensity levels. These results are 
shown In Fig. 7 as a function of the heave control 
system bandwidth, ul Bw h ‘ 

As expected from the previous transfer func- 
tion results, the vertical acceleration rms re- 
sponse decreases with Increasing closed- loop band- 
width. Associated with this acceleration response 
reduction is sn increase In Che constraint force 
response. A a Che gain (and associated bandwidth) 
of Che heave control system is increased, the 
acceleration response asymptotically approaches 
xero as the constraint force response approaches 
a constant valua. These asymptotic value* are 
representative of a vertically constrained condi- 
tion (l.e., Infinite closed-loop bandwidth). 

The assumption of a constrained condition 
would provide a simplified approach for specifying 
extreme random load design requirements, e.g., 
for fatigue and Failure mode analyses. Such 
assumptions hsve been previously used to deter- 
mine structural loads on classical airships. 11 * 
One possible design requirement might be the 2a 
constraint-force level, which could be expected 
roughly I percent of the time In a given turbu- 
lence flight condition. For the present flight 
condition, the 47.7 dB ratio of oF c ,/o w shown 
In Fig. 7 Indicates a 2d requirement of 
3100 lb (above trim). This criterion does not 
appear to be an overly conservative estlnate of 
the nominal closed-loop level for statistical 
loads analyses. However, the results In the next 
section show chat, for discrete turbulence encoun- 
ters, a design requirement based on constrained 
motion would be very stringent, leading to an 
undesirably heavy structure. 

The results of these statistical analyses 
reemphasize the previous transfer function rosults 
concerning the tradeoff between requirements for 
response suppression and structural Integrity. A 
significant Increase tn the constraint forces 
occurs with the implementation if any lnerclally 
referenced closed-loop control system*. This 
suggests that the low speed and precision hover 
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airship scenarios ha* been proposed.* The m1*c- 
tlon of an approprtaca thunderstorm peak vain* and 
vehicle pan* era (ton atrapaad ta crucial to th# 
resulting load requirements and dapanda largely on 
tha specific mission and allowcbl* opa rational 
weather condition*. For Cba praaanc generic 
study, an analyal* of extreao gust ancountara ha* 
net baan completed; however, tha eranda obtatnad 
uatng tha moderate l).A ft/aac guat ara represen- 
tattva of tha raault* that nay ba expected for 
•ora aavara guat levels. 

Tha opan-loop pitch (#) and roll (♦) raaponaa* 
(daahad llnaa In Fig*. 9a and 9b) to tha 13,9 ft/ 
aac peak upguat show that tha vehicle la baing 
axcltad at tta daapad natural frequencies. As 
•a pact ad froa tha llnaartaad raaponaa*, tha atti- 
tude and accalaratton excursions (Ftg*. 9*-9c) are 
algnlf leant ly raducad dtia to tha daatrad operation 
of tha clo*#d-loop flight control ayataa. Strict- 
ly speaking, tha oblique upgust parameter* should 
ba retunad to tha closed-loop natural frequencies, 
but this vs* not done here. 


Ftg. 7. Statistical response to turbulence 


tasks, which require large flight Control band- 
width*. are critical for both disturbance suppres- 
sion and atructur.il load considerations. Further 
analvse* are required to examine the snored rllght 
condition, where large note loads are expected to 
occur ,'roo the partially constrained condition, 

FT. Ve hic t e Nonl in ear Response tft a 
Tun cl I'jscrote \<i*t Input 

Tha dtacret# gust input ts designed to excite 
the vehicle at Its natural pitch and roll mode 
frequencies to provide Information oil critical 
aotlons and loads. this Is conveniently don* by 
having the vehicle encounter an obliquely orlet.led 
traveling upgust wave, whose celerity Unertlallv 
referenced crest velocity', wavelength, and rela- 
tlv# heading, ar* adjusted to maximally and alaul- 
tanaously excite the pitch and roil nodes. Here. 
► he wav* Is slnul ited be applying a tuned series 
ol (I - cosine) gust* at the four Input sources, 
and be properly selecting the wavelength and 
lining. The procedure 1* summarised In Fig. 8. 

The present tl!,:ht condition Is an airspeed 
ot 1- lt/s*c and a wtudspeed ol U' ft. sec; the 
natural frequencies are 0./*' tad sec In pitch end 
O.oo? rad/sec In roll. With the syaaetrlcal 
100 ft spacing of the gust input sources, the 
procedure ytells an apparent wave encounter (9 V ) 
angle of 27 ,i*q Trow the nose (Fig* 7), a crest 
col-rltv (C ) Ol 1.9 ft, 'sac |Ftg. 2). and lover- 
lapping) Input period* of i sec for each source 
(Fig, 7), The selected peak guat siagnltude of 
I ). 4 ft/see results tn the four guat input* (on* 
at each Input source' which are shown In Fig. 8. 
This peas gust value Is 17 percent of the meao 
wtudspeed ol '0 It /sec. it was obtained f rom the 
'll l bpec requirements to he consistent with the 
previous statistical tscs level for free air turbu- 
lence* 

peak (I • rosin#) valuev expected In thunder- 
storm encounters by conventional aircraft are 
specified as a function of airspeed tn the Mil 
Spec. An alternate peak vaIu* base I on typical 


In tha open-loop caas, tha vertical conatralnt 
fores in l.Pli-l iFlg. 9d) responds st ths ssas fre- 
quency (but roughly 180 deg out of phase' aa th* 
(open-loop) pitch raaponaa, A significant in- 
crease tn th* conatralnt fore# axcuraion* and fre- 
quency raault* froa th# operation of th# cloaed- 
loop ayataa with th* transient forces (from trio 
values) rising froa about oOO to over 2300 lb. 
This Is largely duo to the atteapt of the rotors 
to restrain th# vehicle in th# presence of large 
relative air-to-hull acceleration load# on th* 
hull. Th* Importance of these unsteady aerodyna- 
mic loads, compared with th# quest-steady forces 
(those due to relative velocities), hs* been pre- 
viously discussed and demon*! rated ■ * The gradual 
rise tn the open-loop conatralnt force, at th# end 
of th* tta* history, arise* froa th# steady in- 
crease tn relative vertical airspeed due to unata- 
hle vehicle lateral charac t *r l at lea* a* reflected 
tn Figs. 9a and 9b. 


Aa discussed earlier herein, increasing Che 
tightness (bandwidth) of th# closed-loop system 
causes th# constraint force* to apptoach th# 
limiting values for an inertlally restrained 
vehicle. Then th# force* are Just those that 
arise from th* gust inputs. For the selected 
flight < end t lion and discrete gust tnputs, this 
limiting case yields a maximum constraint force 
load ol 19, V>(' lb. The incremental load of 
13,000 lb (above trim) t* five time* that. 
(2300 lb) obtained (or th* nominal control sys- 
tem. While the constrained vehicle approximation 
provide* a raauonahl# eat (mat# for statistical 
turbulence analyses, this approximation ts aaan to 
he overiv conservative for th# analysts of dis- 
crete gust encounters, thereby leading to an over- 
designed structure. Especially unrealistic loads 
ar* to b* expected froa similar analyse* of thun- 
derstorm level dtscree* gust encounters tdier* peak 
(l - cosine) values exceed 1' ft/sec. 1 * ll) 


The constrained vehicle calculation suggests 
that large loads would b# Imparted to * vehicle in 
a fully restrained mooring condition. The neces- 
sity of allowing unrestrained angular motion to 
relieve th# othorwis* large nose moments suggest* 
the advantage* of utilising a mooring system which 
allows Increased, hut properly impec d, linear 
motion to relieve the associated nos* forces. 




a. Type "Scot-diagonal" upgust; roll frequency - 2 x pitch frequency 

b. Dominant Pitch Period: Tp - 2*/»>p (open-loop; <Sp ♦ ia£ for cloaed-loop) 

c. Peak Magnitude: w g,pk “ f(weather condition), e.g., Mtl-F-8785-C, Para. 3.7 
or 

for - 0. lg of vertical air-mass acceleration: w g,pkjg jg “ (ft/sec) 

d. Flight Condition: Airspeed - V ( (ft/sec); Croundspeed along x-body axis - V Q (ft/sec) 

COMPUTE : 

a. Overall Pitch Mode Period: 5T^ “ Tp 

b. Rise Tine l Peak spacing: Tj 1 0.4 */uip 

i 

c. Onset Tinea: tj - 0 ; t 2 - T 1 ■ e 3 “ 2T 1 * c 4 " 3Tj 

d. Wavefora (1 - I, 2, 3, 4): 

/ 0 ; t < ti 

wg^t) - \ 0.5 Vg.pic [l - cos [»(t - t^ ) /T 1 1 } ; t ( < t ( tj t 2T t 

\ 0 ; t > t t + 2Tj 

e. Transient Conputatlon Period: 2Tp - 10T[ 

ORLIOUE WAVE PROPERTIES (not required for simulation): 
a. Encounter angle from nose: 4^ - tan - ^ (Ax/Ay) (deg) 

where Ax - 0.5(xt - xj) ; Ay “ y2 ~ yi (ft) 

x ( , y> are positive quantities as shown above; and Xj, y^ are negative quantities 
as shown above 

b> Apparent wave celerity (tresr velocity with respect to HLA; negative means traveling 
backwards past hull) 

Cw,* “ (-Ax/Tj) cos 4i w 

c. Inertial wave celerity (crest velocity with respect to ground; positive means traveling 
aame direction past hull as V Q ) 

C* - (V„ - Ax/T[) cos t w 


Fig. 8. Tuned oblique traveling upgust relationships 
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The nonlinear time history responses under- 
score the results of Che previous linearized 
analysis* The responses verify the earlier con- 
clusion thac a (closed- loop) reduction In acceler- 
ation response due to gust Inputs is gained at the 
expense of significant transient Increases in the 
constraint forces between the LPUs and the hull* 
Further Increases In control system tightness 
accentuate this penalty* The Increase In the con- 
straint force frequency characteristics reflects 
higher loop bandwldths and Implies Increased 
fatigue loads In the LPU and hull support struc- 
ture* These fundamentally opposing trends require 
consideration In the flight control system perfor- 
mance and design load specification process* 


VTI. Conclusions 


An analysis of typical quad-rotor heavy-lift 
airship actions and loads due to atmospheric dis- 
turbance was coapleced* The results presented In 
this paper revealed the following conclusions: 

1* Vehicle motions due to gust responses were 
maximum at frequencies corresponding to those 
of the airship's natural motions. 

2* Loads between Che rotor units and hull are 
dominated by static (trla) loads and the 
unsteady aerodynanlc hull forces due to its 
acceleration relative to the gustlng air mass* 

3. Implementation of a nulti-axls closed-loop 
control s>stem causes a significant reduction 
In the vehicle dynamic motlor to statistical 
and discrete gust Inputs, but also causes 
large Increases in the transient constraint 
forces between Che hull and LPUs. ' 

4. The loads computed by assuming that Che 
vehicle Is fully constrained by the lift/ 
propulsion unit arras are overly conservative 
for cruise calculations, but suggest the 
advantages of a compliant mooring system which 
would allow sorae linear motion, impeded in a 
proper manner. 

5* An extension of the aircraft Mil Spec discrete 
tuned (l - cosine) gust input for loads 
requirements is suggested. It simulates the 
effects of an oblique traveling upgust wave, 
tuned to simultaneously excite both pitch and 
roll doalnant nodes, for which constraint 
forces are worst. 

6. The existence of tradeoffs between tight vehi- 
cle response and resulting Increases in vehi- 
cle constraint farces suggests that closer 
attention than usual needs to be paid to oper- 
ations In the low speed and hover flight 
regions where gusc responses are most signifi- 
cant. Future studies should focus on: 

a* Opening up of motion tolerances for pre- 
cision hover and load handling, e.g., by 
different load handling techniques. 

b* Flight control laws that allow some high- 
frequency vehicle attitude and linear mo- 
tions while constraining the low-frequency 
linear motions* 

c* Hull and tali gust load relief (e.g., via 
tall controls responsive to hull gust 
angles or loads.) 
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